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ABSTRACT
Organic coatings are commonly applied on metals to protect the substrates from their 
environment. Their applications are varied, but the expectation is that their protective action lasts 
for many years. The conventional means of achieving a high level of adhesion is by the use of a 
chemical specific pretreatment. This is costly as the application of a primer is an additional step in 
the application process and may eventually be harmful to the environment. The enhancement of the 
adhesion of organic coatings through their formulation would therefore provide ecological and 
economical benefits to the coating industry.
In the current work, the use of an organosilane as an adhesion promoter between a polyamide 
powder coating and a steel substrate is explored. Powder coatings are formed through the 
application of a powder on the metal substrate, which melts to form a continuous film. The liquid 
silane is introduced in the powder stock prior to the application on steel. To optimise the use of the 
silane, it is desirable to understand the mode of action of the silane. A study has been undertaken on 
a polyamide 11 based powder coating applied to a steel substrate. Powders have been prepared, 
based on a reference commercial product with addition of 3-aminopropyltriethoxysilane (APS) at 
various concentrations.
The extent of delamination after salt spray testing has been documented. For all silane-modified 
coatings, the extent of delamination is reduced. The failure becomes more cohesive after the 
introduction of the silane. The presence of silane in the coating does not affect the mechanism of 
corrosion, which is a cathodic delamination but reduces down its kinetics. The presence of APS in 
the bulk of the coating is limited. Most of the introduced APS has segregated towards the coating 
outer surface and interface with the substrate. An interphase of APS and polyamide is formed close 
to the steel. This interphase is of micrometre thickness and contains crosslinked APS. The bond 
between APS and steel is covalent. Combined with the physical entanglement of APS with the 
polyamide matrix, this leads to an increasing durability of the coating.
The performance obtained for the silane-modified coatings demonstrates the efficiency of the 
silane as coupling agent. By optimising the choice of the silane and the process, new and 
environmentally friendly coating formulations are within reach.
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Chapter 1 
Introduction
In a mature field like the paint industry, powder coatings are amongst the few enjoying a 
steady growth in volume per year. At the beginning of the 1990s, the worldwide market
represented around 250 000 tonnes per year. To date, it keeps growing to a steady rate of 8 to
10% per year [1,2]. Reasons for this growth are found in the specific advantages of the powder 
coatings.
Powder coatings offer an excellent paint finish, oversprayed powder can be reused and there 
are no volatile solvents employed. On the economic front or from a quality perspective, powders 
coatings can compete with the more traditional paint processes based on solvents. Consequently, 
powder coatings are commonly used and fulfil aesthetical and protective roles. They are high 
volume manufacturing products.
The main applications are:
■ Automobile parts, e.g. doors
■ Furniture and appliances, powder coatings are now applied even on wood
■ Pipes in chemical and petroleum plants as well as pipes for potable water
Europe, where powder coatings were invented, is still an important market, but Asia has a 
growing presence, as many consumer items are being manufactured there. In these competitive 
markets, to maintain their privileged situation, powder coatings need a major technological 
breakthrough. Powder coatings have experienced only moderate evolutionary changes in 
technology over the last 20 years. Powder suppliers will have to reduce costs or create added 
value to their products to gain advantages over the competition.
To offer a self-adherent powder coating, when applied on metal substrates, would be a 
significant step forward. Powder coatings are based on organic materials. Making a strong bond 
between the organic coating and a metal substrate is relatively easy; it is more complex to create 
a durable bond. The nature of the bond created must be such that it is not readily displaced by
other molecules or ions. Unfortunately at the interface between an organic coating and a metal
. _ _ _
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substrate, water molecules alone can be deleterious. With the presence of salts, electrochemical 
phenomena can occur which worsen the situation.
The powder used in this study is employed in a variety of environments. Nowadays when it 
has to resist to an aggressive environment a pretreatment is required to obtain the required 
performance. These pretreatments fall into two categories, inorganic conversion coatings such as 
zinc phosphate or an organic primer system typically based on epoxy chemistry. The coating 
used in this work is commonly applied on top of an epoxy primer. The use of such a primer has 
significant cost to the coating procedure, both in terms of raw materials and the additional time 
and energy consumption associated with the primer deposition. The aim of this project is to 
investigate the feasibility of replacing a two-stage process for polyamide 11 (PA11) powder 
coating with a one-stage process, by the addition of an organosilane to the PA11 powder stock. 
Such a one step process will have financial and environmental benefits compared with the 
current industrial process.
As adhesion enhancers, organosilanes are good candidates. They have been extensively 
studied and there is an increasing amount of proofs that has been published showing that silanes 
produce durable bonds with a wide range of substrates. However, one has to take care as if used 
properly, they are excellent adhesion promoters, but if applied in an inappropriate manner, they 
can be ideal release agents. Therefore, although different silanes have been studied before, no 
simple “ready-to-use” process can be applied widely in a one-size-fits-all manner. Their 
efficiency depends strongly on the exact system and the application process.
In the field of adhesion enhancement, organosilanes were first employed as primers on glass 
fibres [3]. Silanes have then been applied as primers from dilute solutions or deposited as a thick 
protective layer on metal surfaces. They are also used as a treatment for particulate fillers such as 
Si(> 2  and CaCC>3 in order to enhance their adhesion in a polymer matrix [4]. Research has been 
reported on their introduction in liquid thermosetting resins [5]. The novelty of this project 
comes from the introduction of the silane directly to the polymer powder stock. The organosilane 
is added, undiluted, by blending with the thermoplastic powder stock to act later on as an 
adhesion promoter between steel and polymer coating.
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The aims of the project are as follows:
■ Production of polyamide coatings on steel modified by silane.
■ Comparison of the durability of the polyamide coating on steel with the silane-
modified polyamide coatings on steel.
■ Establishing the failure mode of the coating.
■ Understanding the adhesion phenomena.
■ Determining the mode of action of the silane.
■ Investigating the fundamental aspects of the adhesion between the silane and both
substrate and coating.
The purpose of this thesis is to report on the progresses achieved toward the understanding of 
such a silane-modified coatings system. Chapter 2 introduces the main concepts, which are 
discussed during this thesis. The powder coating studied is used as a protective and aesthetic 
coating for steel. Consequently, to develop an understanding of the coating durability, some 
knowledge on the phenomena of corrosion and adhesion is useful. An organic coating applied on 
steel acts as a barrier to protect the metal substrate from the environment, thus to limit corrosion. 
The durability of the adhesion between steel and coating is of great importance for the coating to 
fulfil its role in limiting the further deterioration and the spread of corrosion beneath the paint 
film. If the adhesion fails, all other coating properties become worthless.
Chapter 3 gives details about the surface analysis techniques used to investigate the 
interfacial phenomena involved at the interface between coating and substrate. The materials 
employed are described in Chapter 4. This includes the steel used as substrate, the initial powder 
stock and its components and the silane used to modify it. The powder coating application 
process and the way, by which the coating has been modified, are also presented in this chapter. 
The silane under investigation is the 3-aminopropyltriethoxysilane (APS).
Chapter 5 reviews the tests carried out to evaluate the durability of the different coatings. The 
coatings have been aged in the aggressive environment of a salt spray cabinet until delamination 
occurred. The delaminated coatings and the exposed substrates have been analysed in order to 
extract information about the failure process.
The mode of action of APS is explained over several chapters. Chapter 6 presents results, 
which have direct practical consequences, such as the influence of the time on the efficiency of a 
modified powder. Chapter 7 focuses of the interaction between the APS molecules and the steel 
substrate, whilst the interaction between the APS molecules and the PA 11 is discussed in 
Chapter 8. Both chapters report work carried out on model samples rather than the conventional
- 3 -
Introduction
powder coated steel panels. By using model samples, the systems are simplified and this allows 
one to focus on some particular issues.
Chapter 9 reviews all the results obtained during this thesis and offer a broader discussion on 
the understanding of the interfacial phenomena. Finally, Chapter 10 and Chapter 11 present 
conclusions and suggestions for further work.
Chapter 2 
Organic Coatings Applied on Metals: 
The Durability Issue
2.1 Introduction
This chapter will review the published literature on themes that are pertinent to 
this work. The core of the project is to understand how to enhance the durability of a 
' powder coating through the incorporation of a silane in the powder. Hence the first 
section will provide information about coatings and their role in limiting the corrosion 
( of the metal substrate. The relationship between corrosion and adhesion will also be 
discussed.
Another section will report earlier investigations on the mode of action of 
organosilanes. Details will be given for example on the behaviour of silanes in 
solutions and the different ways to use silanes, i.e. as a thick layer, in composites or in 
resin formulations.
It is intended, by the end of this chapter, to give the reader an overview of the 
current situation regarding silanes and to demonstrate the potential interest of the 
adhesion promoter selected.
2.2 Corrosion
Corrosion is essentially the conversion of iron into a hydrated form of iron oxide, 
i.e. rust, Fe2 C>3 , x  H2 O [6]. The driving force of the reaction is the tendency of iron to 
combine with oxygen: At ambient temperature, the creation of rust leads to a decrease 
in free energy and thus is thermodynamically favoured.
The corrosion process starts with the oxidation of metal iron. Corrosion can be 
separated into two half reactions. The anodic reaction is:
Anodic reaction Fe Fe2+ + 2 e'
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To maintain the electroneutrality in the system, the anodic reaction is balanced by 
a cathodic reaction. In presence of water and oxygen, this is:
Cathodic reaction 2 H2O + O2 + 4 e" —► 4 OH'
The overall corrosion reaction is:
4 Fe + 3 0 2 +2 H20  —  2 (Fe20 3, H20)
It actually occurs by a series of intermediate steps, including:
2 Fe2+ + 4 OH' —► Fe(OH)2 
Fe(OH)2 + H20  + Vi 0 2 —► 2Fe(OH)3 —  Fe20 3 + 3H 20
As the hydrated iron oxides are loosely adherent to the surface, they do not form 
an effective protective passive film on iron or low carbon steel. This leads to further 
oxidation and the environmental deterioration of the metal.
2.3 Corrosion under an polymer coating
In order to inhibit corrosion, three strategies exist: either cathodic or anodic 
reactions have to be limited or a high resistance path has to be inserted in the 
electrolytic path of the corrosion. Coatings are applied to protect metal of the 
environment. The history of coatings applied on metal for corrosion protection started 
with the industrial revolution [7]. The first iron marine structures were coated with 
natural materials such as coal tar, asphalt and oil based coatings.
To limit the cathodic reaction, the presence of water can be limited, but organic 
coatings do not allow this. Mayne, in 1949, determined that the permeability of the 
common organic coatings to water is so high that the rate it arrives to the interface is 
higher than that required for corrosion [8].
To limit the anodic reaction, zinc dust can be added in a coating to protect the 
substrate by oxidizing instead of the iron [6], Once the zinc dust is oxidised, it still 
offers a protection, as is forms a compact and adherent film. This is the approach used 
in commercially available zinc rich primer, sometimes known as a cold galvanising
- 6 -
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system (e.g. Galvafroid™).
Organic coatings can act as a high resistance path in the electrolytic path of the 
corrosion. Polymer films do not contain free electrons, their conductivity is ionic. 
When the continuity of the paint film is broken, specific types of corrosion can take 
place, where cathodic and anodic reactions may be geographically isolated. The 
movements of the ions, required to maintain the electrical neutrality at the different 
areas of activities (especially large hydrated ions) is slowed down by the presence of 
an organic coating. However, organic coatings are not complete barriers, they act only 
by resistance inhibition.
Mechanical failures of the coatings which directly expose the metal substrate, 
accelerate the corrosion phenomenon. That is why maintenance is required for 
example for ships, bridges and all painted metallic structures that are expected to have 
extended life service.
The cathodic delamination is well known as a delamination mechanism around a 
localised default such as a scratch. This situation is the closest to the experiments 
conducted during this project. The reaction is initiated on a pinhole or a chip in the 
coating through to the metal. Where the metal substrate is exposed to the air and 
moisture, an anodic region develops, and at the steel the anodic reaction takes place. 
The metal substrate must however, remain electrically neutral, therefore this anodic 
reaction is balanced by a cathodic reaction, consuming the free electrons. For most 
reactions this will be the reduction of oxygen and water. The presence of water can 
lead to an elevated pH in the cathodic area [9]. The opportunity to build up a 
hydroxide ion concentration and to increase the pH locally plays a major role in the 
failure of the coating.
The anodic and cathodic reactions will initially take place on a micro scale, close 
to where the substrate has been exposed, but will be geographically separated. The 
zones will then enlarge as the process continues, the rusting area will extend and at 
the same time the cathodic area will move further under the coating, causing 
delamination of the polymer.
The Figure 2-1 illustrates how the zones developed and shows rusting 
occurring in the anodic region, where the metal has been exposed. The electrical
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potential o f these areas means they attract different ions. Positively charged sodium 
ions are attracted to the cathodic regions and negatively charged chloride ions to the 
anodic regions. When the cathodic area develops, it causes further delamination of the 
coating and makes it possible for newly exposed areas to become anodic and further 
rust to develop. Electrons will move within the metallic substrate from the site o f 
production (anode) to the site of consumption (cathode).
Cathodic zone 
Clean surface
Anodic zone 
Rusted surface
Cathodic zone 
Clean surface
electrons electrons
Coating
Steel
Figure 2-1: Schematic of the cathodic delamination
Cathodic delamination is the result o f high alkalinity at an interface, underneath 
the coating. The question of how the high pH environment under the film affects the 
interface between the oxide and the polymer has been widely studied. Processes 
leading to cathodic delamination have been proposed. They are discussed by 
Greenfield and Scantlebury [10] as well as Watts [11]. The failure process depends on 
the system, e.g. coating, metal, contaminants and so forth.
The reduction o f the iron oxide to which the coating adheres can lead to failure o f 
the coating. Ritter and Kruger carried out studies on iron cast in epoxy [12].
Koehler has supported the alkaline hydrolysis of the polymer: the coating is 
attacked close to the interface by hydroxyl ions [13]. This hypothesis may also be 
known as failure resulting from the saponification of the coating.
An interfacial failure between the coating and the substrate can be identified with 
XPS. An XPS investigation can show the presence o f an organic layer on a metal 
substrate, even if this layer is only a few nanometres thick.
2.3.1 Conditions for protection
The protection against corrosion offered by an organic coating will be determined
Organic Coatings Applied on Metals: The Durability Issue
by several parameters, including the mechanical quality of the coating and the 
cleanliness of the substrate before the coating application.
2.3.1.1 Mechanical properties o f the coating
A failure at any point in the coating will concentrate corrosion in that area and 
lead to further deterioration as corrosion spreads beneath the paint film. If a stone chip 
in the paintwork of a car is neglected, not only will a rust spot form in the chipped 
area, but also in the surrounding, apparently sound, the paintwork will easily peel off 
as a result of cathodic delamination. Thus, the flexibility in coatings, to resist impacts 
and other mechanical or abrasive damages, is a vital property in many applications.
2.3.1.2 Topography
The surface roughness and cleanliness are key elements that can affect adhesion. 
In general, the rougher the metal surface, the greater is the adhesion. For example, 
Castle and Watts have worked with an epoxy coating and steels of varying 
roughnesses [14]. Substrates were grit blasted, abraded with emery cloth, washed with 
an alkali cleaner, or polished with diamond paste. The rougher the substrate, the lower 
is the apparent rate of disbondment. However, there was a common delamination rate, 
when calculated through the real interfacial path lengths. This means that the 
improvement obtained was mainly due to the increase interfacial contact between 
substrate and coating rather than some mechanical interlocking between coating and 
substrate.
2.3.1.3 Cleanliness
Surface contaminants can lead to poor film adhesion. Lack of cleanliness may not 
be detectable during coating application, but it becomes evident when a coating does 
not adhere during a production run. The main surface contaminations in the case of 
unalloyed steel include the mill scale, rust and grease. Proper surface cleanliness and 
adequate morphology are generally attained by using mechanical and chemical 
methods [15].
Mechanical methods include different blasting processes. Grit blasting is the 
efficient method to remove brittle iron oxide. Blast cleaning can be carried out in dry
- 9 -
Organic Coatings Applied on Metals: The Durability Issue
or wet conditions. In dry blast cleaning, the abrasive is driven by compressed air. For 
mild steel, iron or steel grit is often used, the surface profile of the cleaned surfaces is 
controlled by the grit size and the angle of impingement. Grit blasting or chemical 
treatment can remove rust, which is composed of particles of loosely adherent 
hydrated iron oxides.
Solvent degreasing is useful to remove organic materials. Oil or grease may be 
present at the steel surface either as a temporary protection against rust or as a 
contaminant. The low-energy oily surface will prevent proper wetting by the coating 
or act as a weak boundary layer between the metal and the coating. Solvent 
degreasing is mainly used to remove organic materials as fats or waxes but is 
ineffective against oxides and others inorganic materials. Vapour degreasing is most 
efficient because each article is cleaned in freshly distilled solvent. Until recently 
trichloroethylene was the most common solvent employed for vapour degreasing.
As the cleanliness is such an important requirement for good adhesion, there have 
been comparisons of the different methods. Castle and Watts have emphasized the 
efficiency of emery abrasion over agitation in an alkali cleaner to prepare a clean steel 
substrate and provide a low level of adventitious hydrocarbon material [16].
Grease and iron oxide are not the only contamination which can be found on steel. 
Chloride anions stimulate the corrosion by the formation of primary soluble corrosion 
products [17]. Similarly the exposure of steel to a sulphur dioxide atmospheric 
pollution can lead to corrosion. The soluble deposits of ferrous sulphate oxidises and 
hydrolyses, which produces a voluminous corrosion products. These create points of 
stress and eventually rupture the coating [6].
Mechanical and chemical treatments of metals result in the formation of surfaces 
with high surface energy. These surfaces will rapidly become contaminated by the 
adsorption of organic molecules and water from the atmosphere. Primer may be used 
in addition to the cleaning treatment. Primers usually consist of polymers and 
adhesion promoters dissolved in organic solvents. They are applied to the substrate by 
spraying, dipping or brushing. After the solvent has evaporated a thin coating should 
adhere to the surface. It is standard practice in aerospace applications to prime
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aluminium within a few hours of a pretreatment. Bonding may then be carried out 
weeks later without loss of performance.
2.3.1.4 Properties o f the polymerfilm
All organic coatings are not equally protective. The delamination of organic 
coatings has been extensively studied over the past 60 years. The purpose is to get a 
better understanding of the protective action of coatings to use them as efficiently as 
possible. Scantlebury and Greenfield have presented a review of the literature on this 
subject [10].
Since the 1940s tests had been conducted to evaluate the protective behaviour of a 
coating and its intrinsic quality. Kittelberger and Elm highlighted the importance of 
the quantity of water absorbed by the coating, thus the importance of using polymers 
with low water absorption as coatings [18]. Mayne showed that the permeability to 
water and oxygen of the common organic coatings is not the limiting factor to 
corrosion [8]. Bacon, Smith, Rugg in 1948 made the assumption that the protection 
offered by a coating is determined by its resistance to the passage of ions [19]. They 
proposed to use an instrument called the “Protectometer” to measure it. The principle 
is to measure the resistance of a cell “metal/coating/aqueous environment (sea 
water)/mercury electrode”. They concluded that a coating that maintained a resistance 
of 108 ohm. cm2 after exposure to humidity will provide good protection, while a 
resistance below 106 ohm. cm2 can be related to poor performance. Bacon et al. 
showed as well the influence of the thickness of the coating, logically, the thicker the 
film, the better the protection.
So from the late 1940s it is known that whatever the coating, polymer films are 
permeable to chemical species, especially water and oxygen. This permeability to ions 
is explained by the presence of cracks, micropores or areas of lower crosslinking 
density within the coating. The ionic conduction in polymer films drives the process 
of delamination. The resistance of the coatings reduces the corrosion current, thus 
reduces the kinetics of the corrosion. Coatings act as corrosion inhibitors rather than 
complete barriers between the environment and the metal substrates.
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2.3.2 Evaluating organic coatings
From a practical point of view, this knowledge of the mode of action of organic 
coatings is only valuable if it leads to an overall improvement of the coatings and this 
requires the ability to quantify a coating quality. The Holy Grail of the coating 
industry is to be able to model and to predict the behaviour of real coatings in real 
environments and then reverse engineer the formulation to provide the required 
properties.
From a physical point of view an organic coating with high protective efficiency 
can be thought of as an electrically insulating barrier. They slow down the arrival of 
electrochemically active species to the metal surface, thus reducing the corrosion 
process. Electrical models have been constructed to represent the behaviour of organic 
coatings. They take into account mechanical defects such as microporosity or 
localized cracks. These models are used in combination with electrochemical 
measurements to investigate the protecting properties of organic coatings.
If the protective action of organic coatings is due to their ability to limit ionic 
conductivity, accelerated tests can be developed by the application of an electrical 
potential. This is the basis of the cathodic delamination test. The test was developed 
by British Gas to rank coatings in the 1970s. However, scientists do not all agree on 
its relevance. It has been shown by Sharman and Sykes, that for unpigmented 
chlorinated rubber coatings on steel, the cathodic delamination rate shows a strong 
relationship with the size of the hydrated cation used in the test solution [20]. In this 
case, the cathodic delamination test reflects cationic mobility. The question is of vital 
importance as the cathodic delamination is used as adhesion test by a number of 
industrial companies.
Salt spray tests are conducted on coated panels to demonstrate their capability to 
withstand an aqueous salty atmosphere, which occurs generally in sea, oceans and 
coastal regions and are highly corrosive environment.
These tests are vital to the coating industry in order to improve coating 
formulations. The salt spray test is widely used and allows a comparison of different 
coatings in a defined time frame. That is why data acquired through salt spray test will 
be presented in this work.
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2.3.3 Silanes as corrosion inhibitors
Silanes are known as adhesion promoters, but the question arises of their capacity 
to limit corrosion. Silanes have been tested in different ways as a protection against 
corrosion for metal substrates. Van Ooij tested their efficiencies by salt spray test. 
Different silanes were combined and used as primers for polyester powder painted 
steel [21]. A combination of a non-functional silane and an aminosilane, 3- 
aminopropyltriethoxysilane (APS) was found the most efficient on cold rolled steel.
On steel coated with polyester, Montemor et al. used different silanes and 
evaluated their protective action by electrochemical impedance spectroscopy on the 
specimens immersed in NaCl solution [22], They combined this technique with 
scanning Auger microscopy to show that the more homogeneous distribution of the 
silane on the substrate was bringing about the higher impedance, expected to be 
related to improved corrosion protection.
Trabelsi et al. have studied the impedance of an APS film on galvanised steel and 
the ageing process of the film through SEM and XPS [23]. They envisage silane films 
as a temporary corrosion protection during storage and transportation before a coating 
application.
These previous studies are hardly comparable to the present work, due to the 
various processes employed. Silanes were used in solution, directly applied on the 
substrates. APS solutions containing water were in some studies allowed to hydrolyse 
for days. These solutions must have contained a large quantity of oligomers. All these 
parameters influence the nature of the films formed and their protective action. 
However, these previous works have proved the capacity for silanes to bring about a 
protection against corrosion. This protection is thought to be due, in particular, to the 
strong chemical bonds silanes can form with metal substrates and the crosslinking of 
the silanes leading to dense layers limiting the water ingress at the interface with the 
metal.
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2.4 Adhesion
2.4.1 Relation between adhesion and corrosion
The more tenacious the adhesion of the coating, the more difficult it is for 
corrosion to spread. A damaged coating with poor adhesion rapidly delaminates from 
the surface, allowing corrosion to spread quickly. By improving the wet adhesion of a 
coating, active spots on the metal surface at which an electrochemical reaction may 
take place under the influence of a corrosive medium are effectively blocked.
In addition, an enhanced adhesion through chemical bonds at the interface means a 
certain degree of organisation at the interface. This can help to reduce the water 
adsorption at the interface. The presence of liquid water plays a major role in the 
coating delamination process as, with the hydroxyl ions produced by the cathodic 
reaction, it can lead to elevated pH under the film.
However, above a certain level of aggressiveness of the environment, all chemical 
bonds can be disrupted. When the adhesion enhancement is produced through the 
creation of more durable chemical bonds between coating and substrate, an increase 
of the aggressiveness of the corrosion process decreases the role of the adhesion. The 
enhanced adhesion allows the coating to withstand tougher conditions up to a certain 
level, afterwards all chemical bonds fail. This can be the case during cathodic 
delamination, which results in high pH under the paint film. The strength of the 
adhesion of the coating is thus not always simply related to its durability, the role of 
adhesion depends of the mode of failure. This makes the matter more controversial.
Adhesion can be measured in dry condition or after exposure to some moisture. 
Wet adhesion has long been recognised as more meaningful than dry adhesion. A 
coating adhesion is better evaluated after exposure to moisture, if this coating is to 
withstand any air exposure. Despite efforts and the standardization of some methods, 
the measurement of adhesion is still not satisfactory because this measurement 
involves other properties of the coating. The absorption of water can change the 
viscoelastic properties of the coating. If the measure of adhesion is achieved by 
pulling the coating and if the coating is tom during the measurement, it is hard to 
know if it originates from a good adhesion or a weak mechanical behaviour.
- 1 4 -
Organic Coatings Applied on Metals: The Durability Issue
As the influence of the adhesion on the durability of the coating depends of the 
aggressiveness of the delamination, as the wet adhesion is hard to evaluate, the 
importance of adhesion has been a controversial subject, as detailed by Funke [24].
2.4.2 Definition of adhesion
Adhesion is the action of sticking, the capacity to join two materials. The strength 
of attachment, or adhesion, between an adhesive and its substrate depends on many 
factors, including the means by which this occurs. The different mechanisms of 
adhesion have been described by Comyn [25]. In practice, adhesion can be due to a 
combination of different mechanisms in different proportions.
Adhesion may occur by physical means. The adhesive can work its way into small 
pores of the substrate. Primers with low viscosity used prior to the application of a 
viscous resin offer a better wettability of the substrate. At a smaller scale, there may 
be an interdiffiision of mobile chains when two polymers are in contact.
Adhesion may also occur by one of several chemical mechanisms. In some cases, 
adhesion involves van der Waals forces, which develop between each molecule. Such 
weak forces seem to account for the "stickiness” of a gecko's feet [26].
For an organic coating on a metal surface, a chemical bond can be formed between 
the silane and the substrate. Chemical bonding is due to attractive forces working 
across the interface including ionic, covalent and acid base bonds. The strength of the 
adhesion between coating and substrate will be determined by how many bonds are 
formed at the interface and their nature. The density of the bonds between coating and 
substrate plays an obvious role in the strength of adhesion of the coating but the 
strength of the single bonds are also to be taken into account. A multitude of weak 
bonds do not guarantee a durable adhesion: weak chemical bonds are easily displaced 
by water. Consequently, initial dry adhesion is a poor predictor of coating 
performance in the presence of water. Besides, a lot of coatings will have to withstand 
some degree of moisture in their environment.
Strengths of different chemical bonds can vary by several orders of magnitude, as 
presented in Table 2-1. This wide range of strengths explains why organic coatings do 
not all have an equivalent capacity to adhere to a metal. Polar groups interact with a 
metal oxide surface more than apolar groups and hence tend to be less readily
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displaced by water.
Table 2-1: Energy range of various chemical bonds
Bond type Bond energy (kJ mol"1)
Primary Ionic bonds 600-2000
Covalent bonds 100-700
Donor-Acceptor Bronsted acid-base Up to 1000
Lewis acid-base Up to 80
Including hydrogen bonds 10-30
Van der Waals Keesom
Debye 1 to 10
London
The strength of the bonds at the interface between coating and substrate influences 
the mechanism of delamination. If the bonds are weak between the coating and the 
substrate, an interfacial or adhesive failure occurs. The observation of the substrate 
surface reveals no trace of the coating remaining on the surface, as shown in Figure 
2-2. If the adhesion between the coating and the substrate is strong, the locus of the 
failure is displaced in the bulk of the material. This is called a cohesive failure and is 
characterised by an overlayer, however thin, of the coating remaining on the substrate.
In practical cases, failures of coatings can be cohesive, interfacial or a combination 
of both modes.
Cohesive failureInterfacial or adhesive failure
Figure 2-2: Interfacial and cohesive failures
The beneficial action of silanes as adhesion promoters for organic coatings on 
metals can be explained by several theories [27, 28].
The deformable layer theory postulates that a plastic interface between a polymer 
matrix and the metal substrate reduces internal stresses. The restrained layer theory 
postulates that the presence of the silane allows an intermediate modulus between a
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high modulus surface and a relatively low modulus polymer.
In some cases, silanes can bring about a better wettability of the substrate.
The most widely accepted theory to explain the role of silanes as adhesion 
promoters is the chemical bond theory: the formation of a chemical bond between the 
silane and the metal. To demonstrate the presence of covalent Si-O-Metal bonds, 
techniques such as ToF-SIMS or Fourier transform infra-red spectroscopy (FT-IR) 
have been employed [29, 25].
The relevance of these different theories is to be evaluated for each particular 
system under investigation. For example, if the silane is expected to enhance the 
wettability of the substrate, then it is likely to be more efficiently deposited as a 
primer than added in an adhesive or coating formulation.
2.5 Enhancing the durability of an organic powder 
coating
When an organic coating has to resist to an aggressive environment, a primer 
needs to be applied on the metal substrate to improve the chemical bonding between 
coating and substrate. For the polyamide coating under investigation, steel substrates 
are commonly coated first with an epoxy primer. To replace this two-step process by a 
direct application of the coating would be of a great industrial benefit. The long term 
goal is to produce a coating system based on PA 11 and an organosilane which can be 
applied on a one step process. The benefit for the manufacturer is a premium product 
with a higher margin, for the customer reduced energy consumption and reduction of 
application costs are attractive.
2.5.1 Modifications of the PA 11 coating to improve adhesion
The research on a self-adherent polyamide powder coating started in the industry 
at the end of the 1960s. The main areas that have been explored are adhesion 
promoters based on epoxy and others based on polymers including maleic anhydride 
or hydroxyl functional groups. These chemical functions are considered likely to 
improve adhesion on steel. But there are two problems to this approach. They have to 
be added in the base polymer used for the powder formulation, thus the change would
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be costly, as the powder production line would need to be adapted. These kinds of 
adhesion promoters also require the introduction of large quantities in the coating 
formulation (a few wt%), they transform the nature of the coating and have 
consequences on its performance.
Another way to introduce an adhesion promoter is to add it directly in the finished 
commercial powder product. This is a simple step to implement in an industrial 
process. The powder has a low surface area, thus very low concentrations of adhesion 
promoter are required if the purpose is to create a monolayer coverage of the particles. 
Organosilanes acting as coupling agents have been widely studied in the field of 
adhesion enhancement. The commonly used silanes are liquid with a low viscosity, 
which means they can be added through dry-blending: blending the components 
without solvent under high shear.
The aminosilane used in this work, 3-aminopropyltriethoxysilane is very reactive 
and hydrolyses with moisture in the air. The more complex step of hydrolysis is not 
required with this silane. Early tests have demonstrated a beneficial effect of the 
addition of pure APS in the powder. The relative similarity between the amino 
functionality carried by the silane and the polyamide functionality may be beneficial.
In addition, the electrical properties of the powder are important: the powder is 
electrostatically sprayed onto the metal substrate, the electrostatic attraction maintains 
the powder on the substrate for a few minutes, long enough to melt the powder and 
form a uniform film. The APS does not create agglomerates in the powder during the 
dry-blending, which is an advantage for uniform spray application. The addition of 
APS has been shown empirically to improve the capacity of the powder to stay on the 
metallic sample after spraying, by increasing the electrical charge retained. The 
aminosilane has a boiling point at 217°C, which is suitable with the range of 
temperature used to melt the powder into a continuous film, i.e. 200 to 210°C. This 
means that during the time frame of the application, the silane is not expected to 
deteriorate.
2.5.2 History of organosilanes as coupling agents
Organosilanes have been widely studied in the field of adhesion enhancement. 
Organosilanes used as adhesion promoters are often applied onto the substrate surface
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through a dilute aqueous, organic, or aqueous-organic solution (dipped in or brush 
coated). In this study, APS is introduced directly into the coating composition before 
the formation of the coating. However, works based on treatments by silane solutions 
are also reported, as their understanding is considered useful for the present project.
Plueddemann provides a historical account of the application o f silane coupling 
agents in adhesion [3], The history of silanes as adhesion promoters starts with glass 
fibres.
Glass fibres introduced in the early 1940s suffer from incompatibility with organic 
polymers, which made them unsuitable for use as reinforcing materials in wet 
conditions. The resins bonded well to dry glass but the alkoxysilane bonds formed 
were easily hydrolysed by water.
To resolve this problem, organosilanes were introduced to act as a coupling agent. 
When two materials are incompatible it is often possible to bring about compatibility 
by introducing a third material that has properties intermediate between those o f the 
other two, as shown in the schematic (Figure 2-3).
Organic
Polymers
Inorganic
Fiberglass
Fillers
Metals
Figure 2-3: Mode of action of an organosilane coupling agent [30]
Silane coupling agents are silicon based chemicals that contain two types o f 
reactivity -inorganic and organic- in the same molecule. Organosilicon compounds 
were an obvious choice as potential coupling agents for glass reinforced polymers 
since the silicon ends of the molecules are similar to glass, and organics groups 
compatible with organic polymers. The silicon ends o f the molecules has three 
reactive groups attached, one group can react with the glass and the other unbounded 
groups may react with other neighbouring molecules forming siloxane bonds Si-O-Si 
and resulting in a two-dimensional silane polymeric structure. In 1960 there were 
three commercial coupling agents: a methacrylate-chrome complex,
vinyltriethoysilane and APS.
The process has then been applied to metal substrates. The first research in this
-  1 9 -
Organic Coatings Applied on Metals: The Durability Issue
direction started has early as 1977, with joint durability reported by Gettings and 
Kinloch [31] and the adsorption of silanes on metal surfaces studied by Bailey and 
Castle [32].
2.5.3 Nature and properties of organosilanes used as coupling 
agents
For organosilanes to become efficient adhesion promoters between a polymer 
and a metal surface, they should in theory follow this set of reactions: hydrolysis, 
polymerisation, condensation with functional groups on the metal surface and 
interaction with the polymer. These four different steps are not clearly separated in 
time, they occur partially simultaneously.
■ Hydrolysis of alkoxysilanes to trisilanols Si(OH) 3
c 2h 5
^  Hydrolysis
H2N— (CH2)3— Si—o - c 2h 5 1
0
1
c 2H5
APS hydrolyses in presence of water. The reaction produces ethanol. The 
hydrolysis occurs step-wise to form eventually trisilanols. Kinetic studies of these 
reactions are possible in the liquid state solution using *H, 13C and 29Si-NMR [33, 34]. 
After the first alkoxysilane is hydrolysed, the second hydrolysis is swifter as a result 
of the relief of steric hindrance. A common rule to silanes is that methoxy groups 
hydrolyse faster than ethoxy groups, probably due to a lower steric hindrance.
OH
I
H2N  (CH2)3— Si-OH
OH
Organic Coatings Applied on Metals: The Durability Issue
■ Polymerisation of the silanes through the condensation of trisilanols
OH
I OH
IH2N  (CH2)3— Si-OH Polymerisation H2N —  (CH2)3— Si—OH
+ >
OH
I H2N — (CH2)3— Si—OH 
OHH2N — (CH2)3— Si-OH  
OH
The reaction produces water. The presence of silanols enables a branched 
polyorganosiloxane network to be developed. In correct conditions, the adhesion of 
this network is significantly increased compared to the adhesion of a monomer, thus 
having beneficial effect on corrosion protection [28]. The cause of this synergistic 
effect has been discussed in terms of the equilibrium between each chemisorbed 
group and the surface. With a multitude of bonded moieties on a polymer backbone, 
those few which are temporarily not bonded in equilibrium cause essentially no 
disruption in overall attachment of the polyorganosiloxane network.
■ Condensation with functional groups on the metal surface
As explained earlier, these reactions are not separated in time. Monomers or 
oligomers can bond to a metal surface. The reaction produces water.
■ Interaction of the silane with the polymer top layer 
Depending of the silane and the polymer used as adhesive or coating, different 
modes of interactions are possible, from a chemical bond to a more physical 
interaction allowing to create a dense polymer silane interphase to limit the water
Condensation
H2N— (CH2)3— Si-OH HO—Fe—  c
OH HO—Fe—
I I HO HO—Fe\  I
OH HO—Fe—
> H 2N----- (CH2>3— Si-O— Fe
HO HO—Fe
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ingress at the interface with the metal or more plastic interphase to distribute the stress 
in the material.
This set of reactions is theoretical; conditions have to be determined to optimise 
the progression of these reactions and thus the adhesion promoter effectiveness. 
Under optimum conditions, hydrolysis is rapid and precedes slower condensation.
It is intuitive as well as largely demonstrated that hydrolysed silanes, monomeric 
or oligomeric rather than polymeric are the most efficient adhesion promoters [35]. 
Bertelsen and Boerio have studied, by 29Si-NMR, the condensation rate of 3- 
glycidoxypropyltrimethoxy-silane (GPS) [34]. After eight hours in water, there is 
presence of oligomers in solution and the silane applied as a primer has given poor 
mechanical results for wedge tests on aluminium exhibiting a clear correlation 
between presence of oligomers on the surface and poor durability.
In the same way, Harun et al. obtained poor durability for the adhesion for an 
epoxy coating applied on mild steel when the steel has been pre-treated with APS 
[36]. However the APS was applied through an aqueous solution, stored twenty-four 
hours prior to application. Knowing that APS is swift to hydrolyse and polymerise, as 
explained in detail later in this chapter, the results can be interpreted as being due to 
inadequate preparation conditions.
The condensation in solution prior to application is detrimental to the durability of 
the systems. The hydrolysis of the alkoxy groups was studied by ^-N M R in a 
deuterium solution and the condensation of the silanes by 29Si-NMR in water.
With the silanes commonly employed as coupling agents, the hydrolysis step is 
usually completed within one hour. However, the time necessary to hydrolyse the 
silane varies with the nature of the solution, with the organofunctionality of the silane, 
the ambient temperature and the pH of the solution.
To summarize, the effectiveness of treatment by a silane solution is complex, 
dependent on the organofunctionality of the silane, the concentration, the age, the 
nature and the pH of the solution when applied by solution. The optimum process for 
adhesion enhancement is metal-dependent and not easily predicted. It is an expert 
field: an example is the International Collaborative Programme on Organosilane 
Adhesion Ppromoters (ICOSAP), which has been set up to study a specific system
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such as GPS on aluminium for the aerospace industry. A review by Abel et al., which 
helps in the choice of the process parameters summarizes the work carried out on this 
subject [37], the relationship between silane application conditions, bond durability 
and locus of failure is reported in another article [38].
2.5.4 Interaction of organosilanes with polymers
There are two large groups, in which the interactions between the polymer matrix 
and the silane adhesion promoter can be organised. If the organofunctionality is 
properly selected, silanes can interact with the polymer matrix. This is observed more 
often with thermosets than thermoplastics, as they are more chemically reactive. 
Reactive silanes contain a function capable of chemically reacting with the polymer 
matrix, commonly as a co-monomer: for example an epoxysilane or an aminosilane 
will bond to an epoxy resin, a methacrylate silane will bond to an unsaturated 
polyester resin [28, 30].
The interface between an organosilane treated surface and a polymer matrix is 
rather complex: the organosilane is not a well-aligned monolayer of silane forming a 
bridge between two surfaces. A monolayer thick uniform coverage of a surface is by 
far a too theoretical picture. The hydrolysed silane may crosslink to form an 
oligomeric silanol network. The crosslinking potentially can trap the polymer matrix 
to form an intermediate phase.
Plueddemann proposed the interdiffusion of the silane-coupling agent into the 
polymer matrix and the formation of an interpenetrating network as a possible 
mechanism of adhesion when there is no chemical reaction between silane and 
polymer [39]. At temperature, the siloxane is a partial solvent for molten 
thermoplastics, but as the temperature decreases the solubility of the thermoplastic 
decreases and separates as an interpenetrating phase with the siloxane at the interface.
For an aminosilane with a polyamide matrix, an attractive interaction may occur 
between the unshared electron pair carried by the nitrogen and the electrophile carbon 
from the polyamide (Figure 2-4).
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H5c 2—o —Si—o —C2H5 n h 2—c— (CH2)10
PolyamideAPS
Figure 2-4: Possible mechanism of interaction between an APS molecule and
the polyamide
This type of interaction in an acidic solution leads to a well-known reaction 
between amine and aldehyde or amine and ketone called reductive amination. In the 
case of the introduction of the aminosilane in a polyamide powder, this interaction 
between the electrophile carbon and the nucleophile nitrogen may be important but 
without leading to the reductive amination. This is a hypothesis to investigate.
2.5.5 Interaction of organosilanes with metal surfaces
The chemisorption of silanes to glass substrates was convincingly demonstrated by 
different techniques at the end of the 1960s and beginning of the 1970s. The 
alkoxysilane group reacts with the surface OH groups on glass to form siloxane Si-O- 
Si bonds. Organosilanes have then been successfully used as adhesion promoters with 
other materials, including metal. Consequently, the question of how universal is the 
initial suggested mechanism has risen.
The interaction of silane with the substrate has been documented in a number of 
publications, starting in 1977 on iron [31]. Gettings and Kinloch have assessed the 
efficiency of different silanes for steel treatments. When studying the fracture surfaces 
of adhesive joints, they found a Fe-0-Si+ cluster by SSIMS when a GPS based primer 
was employed. The cluster has a nominal mass at m/z = 100 u in the positive 
spectrum. This is an even mass, which is unusual for organic materials or iron oxide, 
it thus makes it easier to assign it to a covalent bond between silane and iron. For the 
first time, improved durability could be ascribed to primary bond formation. They
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also studied APS on iron but did not observe the Fe-0-Si+ cluster with this silane. 
However, the experiments by Gettings and Kinloch were performed on a quadrupole 
mass analyser, it is therefore pertinent to ask whether the analysis conditions where 
truly static. A later ToF-SIMS investigation by Davis and Watts of GPS on iron 
shown that a layer deposited from a 2% diluted silane solution was poorly ordered and 
thicker than a monolayer. Gentle ion etching was required to observe FeOSi+ peak. In 
1977 the so-called SSIMS conditions were hardly static, so that some etching may 
have occurred. As Gettings and Kinloch used APS in aqueous solution, it is likely that 
the aminosilane will have started to polymerise prior to its application on the iron 
substrate. In this case, the application of APS will result in the formation of a weak 
boundary layer. As will be explained in following paragraphs, the hydrolysis of APS 
is especially swift. An early polymerisation of the silane might be a good explanation 
for the poor results obtained in the joint’s durability studies, as that found by Harun et 
al. [36].
With the development of high mass resolution ToF-SIMS, Abel et al. have 
demonstrated the existence of a covalent bond between GPS and oxidized aluminium 
via the observation of A10Si+ and A10SiCH2+ cluster ions [29]. FT-IR has also being 
used, for example to study Ti-O-Si and Fe-O-Si bonds between 3- 
aminopropyldimethylethoxysilane (ADES) and APS respectively [25]. To observe the 
Fe-O-Si bonds, Ma et al. have worked with nanoparticles of magnetite Fe3C>4 in 
solution, obtaining therefore a high surface to volume ratio [40].
It is widely accepted than silanes can react with metal substrates, however it can 
be still complex to demonstrate it in specific systems. There is an acute sensitivity to 
the process conditions for such bonds to be formed.
2.5.6 The special case of APS
Of the range of silanes available, aminosilanes stand out by their behaviour. In the 
followings paragraphs, several aspects of this behaviour are described. This brief 
review focuses specially on APS.
2.5.6.1 The amine group
Aminosilanes show a specific behaviour in solution. Ishida reported their stability
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for long periods at high concentrations in aqueous solutions compared to other
At concentrations up to 0.15% by weight, solutions contain mainly monomers. At 
higher concentrations APS form aggregates of sub-micron size. These sub-micron
contain a low amount of unhydrolysed alkoxysilane.
The anomalous behaviour in solution is due to the presence of the amino group. A 
proposed mechanism is that the amines catalyse the reaction by nucleophilic attack on 
silicon, which is then attacked by another silane molecule [41].
The auto-catalysed molecule can react with a small amount of water: typically the 
moisture in the air is enough to observe a rapid polymerisation of liquid APS. The 
control of the hydrolysis of APS is extremely important to select a procedure for any 
APS pretreatment. When working with an APS diluted solution, the concentration and 
pH of the solution can be adjusted.
The intramolecular ring hypothesis
In the 1970s, on the basis of infra-red and XPS experiments, the presence of a 
proportion of positively charged amine in aminosilane became acknowledged. 
Plueddemann presented a hypothesis to explain its presence [42]. The nitrogen atom 
in APS would interact with the silicon atom or one of the silanols to form an 
intramolecular five or six-membered ring (Figure 2-5).
Figure 2-5: Intramolecular five or six -membered ring in APS molecule
In 1976, Anderson published XPS spectra obtained for hydrolysed APS on a
[43]. They attributed the higher peak to a positively charged amine. They treated their 
samples with hexafluoroisopropanol, which is a Lewis acid, and the intensity of the
organosilanes [35]. The studies have been carried out by laser Raman spectroscopy.
aggregates can be broken into individual polyorganosiloxane by adding alcohol. They
HO
silicon wafer. The spectra exhibit a doublet at 399.0 and 400.5 eV for the N ls peak
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400.5 eV peak decreased which they interpreted as a reduction in the population of the 
charged amine.
Moses et al. used XPS similarly but they proposed values of 400.3 and 401.9 eV 
for the nitrogen Nls peak [44]. They exposed the APS surface to an HC1 diluted 
aqueous solution and the peak at 401.9 eV attributed to a charged amine increased. 
Based on their results they postulated an intramolecular ring formed by APS on the 
metal substrates through an amine interacting with the silanol group (Figure 2-6).
Figure 2-6: Two structures have been proposed by Moses et al. to explain
their XPS experiments
Amine bicarbonate salt
This hypothesis of an intramolecular ring has suffered from the fact that no proper 
model is known for the ring and no strong driving force could explain the formation 
of this structure [35].
A new interpretation appeared after observation that carbon dioxide interacts with 
the amine groups of APS in a reversible reaction [45], From APS aqueous solutions at 
pH 10.4, APS films absorbed carbon dioxide CO2 and water vapour to form amine 
bicarbonate salts, which are characterised by absorption band by RAIRS reflection 
absorption infrared spectroscopy [46]. The presence of amine bicarbonates was 
related to a poor interaction with epoxy resins. APS films had to be heated above 
about 90°C to dissociate the bicarbonates.
Naviroj et al. confirmed the amine bicarbonate salts hypothesis [35]. They carried 
out experiences with APS films dried in nitrogen atmosphere. The formation of amine 
bicarbonate salts with APS is nowadays widely accepted to explain the data from 
infrared or XPS. For APS films in the air, there is co-existence of different forms of 
amines.
H
H
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2.5.6.2 APS interaction with a metal substrate
Metal oxides have a high surface energy and contain reactive hydroxyl groups. As 
a result, APS can be absorbed lying down, with both ends of the molecule interacting 
with the metal oxide or “upside down”, that is with the functional group adsorbed by 
the metal oxide and the silanol groups sticking up. With APS, the possibility of an 
interaction with the metal substrate through the amino group has been proposed at the 
end of the 1970s. As reported earlier, Boerio, Schoenlein and Greivenkamp have 
worked on APS applied on iron in 1978 through infrared reflection absorption studies 
[47]. They compared samples made of APS applied on iron: a first layer 60 A thick is 
strongly bound to the iron even when the samples were washed. The thin layer of APS 
presents a specific weak infrared band at 1510 cm'1, which was assigned to the 
positively charged amine group oriented toward the iron surface. This idea is now 
well-accepted.
The reactions between amino groups and substrates are metal dependent, the 
interactions can be evaluated through the use of the concept of the isoelectric point of 
the surface (IEPS) [48]. For every oxide, there exists some pH at which the number of 
positive charges equals the number of negative charges. This pH is defined as the 
IEPS. A low IEPS value indicates an acidic surface. Consequently, lower IEPS will 
result in a higher yield of protonated amino group. Iron oxide has an IEPS equal to 9, 
thus only a minority of the amino group of the APS molecules in contact with its 
surface are charged. The extent of protonation is higher on aluminium, lower on 
magnesium. Van Ooij and Sabata compared the conformation of APS on steel and 
zinc and concluded that on zinc, the adsorption through the amino groups is more 
important than on steel, which results on poor corrosion performance of the silane 
film on zinc [49].
Davis [50] proposed a model of the APS conformation on steel based on computer 
chemistry. A two-stage approach has been used consisting of sorption, to locate the 
loading site associated with a minimum of energy, and molecular dynamics to 
determine the orientation of a silane molecule on the substrate. The result is a 
molecule, which interacts via both ends. The APS molecule is not perpendicular to the 
substrate (Figure 2-7).
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Figure 2-7: Conformation of APS on air oxidised steel, as obtained by 
computer modelling [50]
George et al. describe a “flip model” to interpret their angle resolved XPS data 
obtained for APS applied on silicon [51]. The bond between the surface and the 
silicon surface hydroxyl (NH3f SiO') partially disappears in favour o f the stable 
siloxane bond when the specimens are heated up: when the temperature rises above 
75 °C, the thermal energy allows an activated reverse-back of the molecule.
To conclude, APS molecules can adopt different conformations on a metal 
surface. Depending o f the system and depending of the experimental conditions, the 
relative importance of each conformation will vary. The disruption caused by the 
interaction between the amino group and the metal substrate can be limited, as a heat 
treatment favours the more stable siloxane bond. Part of the charged amino group 
observed when studying system containing APS can be attributed to the formation of 
salts with the CO2 from the air.
As APS is particularly swift to hydrolyse and condense due to the autocatalysis o f 
the molecule through the amino group, often silane layers applied on different 
substrates are thicker than a monolayer.
The use of APS is a complex process. It can potentially be extremely rewarding 
and the amino group is thought to be a good match to the polyamide coating used 
during this project. However, any application process has to be carefully chosen and 
optimised.
2.5.7 Other uses of silane
Other ways to use silanes can be found in the literature. Silanes are not only used 
in solution or as a thin layer to act as coupling agents. A few different methods to use 
them have been reported.
FeOOH
2 A
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For particulate filled polymers, silanes have been tested as coupling agents by 
Demjen et al [4]. In a polypropylene matrix with CaC03 particulates, eight silanes 
have been tested and stearic acid used as reference. The silanes were added to CaC03 
in a butanol solution. The effect of the interfacial interaction was determined through 
the tensile strength. Aminosilanes increased the strength of the interaction, this was 
attributed to the formation of amide through a chemical reaction between the amino 
groups and the carboxyl groups found on the PP.
Silanes are advocated as a material for thick layers by van Ooij and Child [21]. 
They give their definition of a good quality silane film when it is used as primer on 
metal before the paint or adhesive application. It has to be bound to the metal through 
Si-O-Me bonds and contains a large number of functional groups available to react 
with the polymer subsequently coated on the metal. The film has to be 50 to 100 nm 
thick, to be homogeneous and dense, crosslinked via Si-O-Si bonds. Finally, it has to 
be stable in ambient atmosphere.
They showed that APS applied on iron can be rinsed off immediately in water, 
whereas it will be more resistant after being dried for two days. The molecule is 
compared to BTSE, which forms immediately a strong bond with the iron. The 
molecule with a bis sylil function is a stronger acid than APS and reacts more readily 
with the weakly basic hydroxyl groups from the oxide surface to form covalent bonds, 
resistant to hydrolysis.
As BTSE has no other functional groups but six silanol groups it forms a dense 
film. To react with the paint or the adhesive applied on top, the high-density film 
strongly bonded on the metal substrate must be associated to another silane with 
functional groups.
Subramanian and van Ooij prepared such coating. They compared three coatings 
made with two silanes, one with a functional group, APS, one without, bis- 
triethoxysilyl ethane, BTSE and a mixture of the two [52]. The films are prepared by 
dipping the iron sheet in a water methanol solution whose pH was adjusted. Films 
obtained are about 100 nm thick. Corrosion rates were compared depending of the pH 
of the silane solution for BTSE, APS, and mixed BTSE/APS films. They concluded 
that the presence of NH3+ groups has two detrimental consequences: it decreases the 
number of stable covalent Si-O-Fe bond in comparison with BTSE and attracts 
chloride ions.
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Wapner and Grundmeier have worked with APS on a hot-curing two-component 
epoxy resin applied on an iron substrate [5]. Their investigation method is based on 
the use of a scanning Kelvin probe to allow a non-destructive in-situ measurement of 
electrode potentials at the polymer/metal interface.
A scanning Kelvin probe is a small metal needle, which is scanned over the 
polymer coating and is connected to the substrate to form an electrical circuit. The gap 
between the Kelvin probe and the metal is controlled and the probe vibrates in a 
controlled way. The vibration varies the capacitance, so for a constant potential at the 
surface the result is a sinusoidally varying current. The probe is able to measure 
potentials at the metal-coating interface. These potential are related to the corrosion 
and delamination occurring at the interface. The potentials measured are plotted 
against their distance to the defect at different times, thus the advancement of the 
delamination due to a cathodic delamination can be observed. This is an in-situ 
method well developed and potential contour maps have been published [53].
Wapner and Grundmeier studied different coatings. Iron was first covered with 
plasma polymer SiOx. The film provides excellent adhesion to the iron oxide and acts 
as a barrier for electrons. The dense structure of the film prevents the adsorption of 
oxygen on the oxide. However, the hydroxylated SiOx-surface does not lead to a 
chemical bonding of the adhesive to the substrate. This leads to an ingression of the 
electrolyte into the adhesive SiOx-interface followed by a wet de-adhesion of the 
adhesive.
A second treatment was to plasma treat the iron, as for the first experiment and 
then to add a layer of APS prepared from an aqueous APS solution. The APS layer is 
crosslinked via Si-O-Si bonds to the plasma polymer but also contains amino groups, 
which can react with the epoxy function of the adhesive. The structure is less dense 
than the plasma polymer. In this case no wet-adhesion is observed and the use of the 
Kelvin probe shows only a slight potential decrease which might be due to a small 
amount of diffusion of the electrolyte in the APS layer. The APS has effectively acted 
as a coupling agent between the SiOx-surface and the epoxy adhesive. This study was 
carried out simultaneously to the present work but through different modes of 
investigation.
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2.6 The role of surface analysis in understanding 
adhesion and corrosion issues
Adhesion and corrosion are both material issues concerning surfaces. The bulk 
properties of the material play a minor role in these problems. The first atomic layers 
of the fracture surfaces are often enough to give an in-depth understanding of the 
mechanisms of failure. In the last thirty years, the capacities of instruments available 
for surface analysis have dramatically increased. New techniques have now been well 
accepted by the scientific community following the success they met. A range of 
instruments employed first in research laboratories are now routinely used in industry. 
Watts published reviews on this subject showing this phenomenon through examples 
[54, 55].
One surface analysis technique can never give all the answers, including high 
spatial resolution, chemical information and quantification of the surface composition. 
Such methods are often complementary to each other in the information they offer. 
That is why during the course of this project, several instruments have been 
employed. The following paragraphs will highlight cases in which surface analysis 
techniques are successfully employed.
2.6.1 Controlling surfaces prior to coating application
Surface analysis is helpful to check the efficiency of the substrate preparation. The 
actual cleanliness of the substrate is a major concern. Studies some thirty years ago by 
the American automobile industry established that high levels of carbon 
contamination were a contributory factor to the poor durability of paint on steel [54]. 
For this, a direct correlation between surface carbon as measured by AES and a 
combustion method, and the time taken to arrive at failure in the salt spray test was 
established. Since, the development of surface analysis instruments has been such that 
techniques, like AES and XPS, can now be part of an everyday quality control 
routine.
It is also the affinity of a molecule for a specific substrate, which can be evaluated 
by surface analysis. The adsorption isotherms of characteristic molecules from liquid 
solutions determined by XPS are a powerful experimental tool in adhesion studies.
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The free molecules in solution and the molecules adsorbed on the substrate surface are 
in a dynamic equilibrium and the fractional coverage of the surface depends on the 
concentration of the solution. The variation of coverage with concentration at a 
chosen temperature is called the adsorption isotherm.
In the field of adhesion, for the study of the interaction between a molecule and a 
solid substrate, there are two parameters that are of critical importance: the capacity of 
the solid surface to adsorb the molecule and the nature of the bonds formed. The use 
of adsorption isotherm obtained by XPS reveals the quantity adsorbed by the surface 
and will give information on the mechanism of adsorption. The adsorption isotherms 
by XPS are usually plotted as the uptake of the adsorbate on the solid surface against 
the solution concentration, Bailey and Castle developed this method in 1977 [32]. 
This was a new approach as the usual method was to measure the depletion of the 
adsorbate from the solution rather than its uptake on the substrate.
The adsorption isotherms by XPS allow to obtain prior knowledge on the 
interaction of different molecules with the same substrate. They can provide clues 
about the mechanism of adhesion of a molecule on a substrate and potentially, 
through high resolution XPS, information about molecular conformation. Bailey and 
Castle reported the use of XPS to compare the adsorption of two silanes on iron. They 
showed that an aminotriethoxy silane layer was less dense than a vinylethoxy silane 
layer on iron when applied in the same condition. The reason proposed was that the 
molecular orientation was less defined, with either end of the molecule, silanol or 
amino group, interacting with the metal surface.
Similarly ToF-SIMS has been used to determine adsorption isotherms through the 
uptake of ions characteristic of specific molecules. For organic materials, the different 
probabilities of ionisation for each fragment as well as the matrix effect means that 
there is a non-linear relationship between the secondary ion intensities and the ion 
coverage. ToF-SIMS is only a semi-quantitative technique. Results have been 
obtained but there is still discussion about how to optimise these data [56]. Watts and 
Castle have reported some applications of these adsorption isotherms by XPS and 
ToF-SIMS [57].
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2.6.2 Analysing mirror image fracture surfaces
If the interface has failed, following a mechanical test or exposure to an aggressive 
environment for example, two complementary failure surfaces are available for 
surface analysis. Through the investigation of these mirror image failure surfaces, that 
is the mechanism of the failure and its origin, which can be revealed.
Abel et al. have worked on the adhesion of bonded aluminium wedges [38]. An 
epoxy adhesive is employed with the addition of y-glycidoxypropyltrimethoxysilane 
(GPS) to maintain the aluminium wedges together. Recently, Abel et al. have 
published XPS data on the locus of failure of the joint. Through the use of XPS, the 
exact determination of the locus of failure is possible. After a Boeing wedge test, 
silicon, nitrogen and aluminium are observed on both failure surfaces, indicating that 
the adhesive, the silane and the aluminium oxide contribute to the overall failure 
process. The authors conclude to the presence of a “composite” zone comprising the 
three species. This study is interesting in the sense that it is typical of the information 
that surface analysis can provide. One can imagine that the knowledge of the locus of 
the failure can lead to a further optimisation of the system.
In the field of corrosion studies, AES has been successfully applied. Failure 
surfaces can provide information regarding substrate corrosion and it is an advantage 
that metal substrates usually do not charge under the primary electron bombardment. 
AES offers a high spatial resolution («pm ), which allows specific studies, for 
example to determine the role of an inclusion in the corrosion process. To facilitate 
the task, the anodic and cathodic area of a micro-corrosion cell can be mapped out by 
the combination of AES and the use of specific ions for decoration, i.e. the specimen 
being exposed purposely to ions, which will precipitate on a particular, activated 
surface, anodic or cathodic [58].
2.6.3 Accessing the interface
When one wants to avoid disturbing the interface responsible for adhesion, 
different methodologies exist to access the interface. A very thin film of the coating or 
the adhesion promoter under investigation can be deposited on the substrate, so that 
the interface is observed “through” the overlayer by XPS or ToF-SIMS. If the
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molecule studied chemisorbed on the substrate, the specimen can simply be created by 
dip coating of a coupon of the substrate in a diluted solution.
The buried interface can also be accessed by the use of mechanical sectioning. An 
interface can be mechanically reached through ball cratering or microtomy. In 1979, 
Walls et al. described the ball cratering technique for the depth profiling of metallic 
coatings in the range of 1 to 100 pm [59]. For softer materials, the smearing might be 
an issue with this technique. In this case, for organic material, the sample can be 
sectioned at cryotemperature to limit the damage created by the cut.
Recently Hinder et al. reported on the combination of ultra-low angle microtomy 
with ToF-SIMS to study the interface between a primer and a topcoat in a paint 
system [60]. To obtain a cross section of the paint system, they did not use a 90° angle 
of cut. The sample was tapered with an ultra low angle of 0.03°. This low angle 
allows to magnify the interface. The high magnification makes a wider range of 
techniques relevant. With the molecular information offered by ToF-SEMS, Hinder et 
al. showed that at the interface of the primer and the topcoat, components of the 
topcoat segregate and increase the adhesion. The ultra-low angle microtomy has also 
been combined to high spatial resolution XPS, enabling new spatial resolution to be 
obtained. Hinder et al. also published some compositional depth profiles of coatings 
associating both techniques, with a depth resolution of 1.25 pm to 13 nm [61, 62].
Finally, a buried interface can also be reached by chemical stripping. For example, 
Watts used this method for the study of the adhesion of a polybutadiene coating on 
steel [89]. After the mechanical failure of a coating due to a lap shear test, mirror 
image fracture surfaces were analysed by XPS. The damage happened to be cohesive 
and to reach the interface between oxide and coating, the coating needed to be striped 
off the metal substrate. This allowed to reveal an “interphase” several nanometers 
thick, made of a modified iron oxide and the polymer.
2.6.4 The future of surface analysis in the field of adhesion and 
corrosion
This brief overview has indicated how much information surface analysis 
techniques can provide for the investigation of adhesion and corrosion cases. Surface 
analysis science and technology are not static areas and new possibilities are being
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explored.
The range of application of XPS is very broad. User friendly XPS instruments are 
now available to industry and ToF-SIMS instruments are definitely following the 
same path. For XPS, work has been done on the development of expert systems able 
to suggest specific complementary investigations to the user when relevant. The aim 
is to offer a better use of the technique available to a larger public [63]. For example, 
the calculation of an Auger parameter or the estimation of an overlayer thickness 
could be proposed according to some initial experimental data.
The future of XPS in the field of adhesion and corrosion will come from angle 
resolved XPS (ARXPS) and high spatial resolution XPS. High spatial resolution XPS 
is developed with the idea of offering the capacity to map a sample with a meaningful 
size of pixel, nowadays, the minimum spot size is around 15 pm. ARXPS offers the 
possibility to determine the conformation of a monolayer of a particular molecule on a 
substrate. It allows to produce a non-destructive depth profiling by manipulation of 
the data based on the Beer-Lambert law.
ToF-SEMS has developed to a level at which it is used routinely by high- 
technology industry, but it is still a technique which sees dramatic improvements. In 
term of data acquisition, progresses are coming from the use of cluster ions as primary 
ion source. The impacts of these large clusters on the sample are less destructive as 
their energies are distributed on larger areas. A beneficial outcome is obtained in the 
case of polymer analysis, for which the mass range observed is extended to higher 
masses [64].
In the field of data processing, principal component analysis (PCA) is a statistical 
method used for the interpretation of spectra. From a set of spectra coming from a set 
of samples, PCA helps the user to extract the relevant information.
Gentle SIMS (G-SIMS) is a technique, which requires the acquisition of data with 
different energies [65]. The energy of the primary beam has an effect of the 
fragmentation observed in the secondary ions. Extrapolation of the data to low energy 
primary beam leads to the the more characteristic ions, those that would be emitted 
with little post-emission rearrangement.
All these progresses in surface analysis are driven by the advantages they can 
provide, particularly in the fields of adhesion and corrosion. In a reciprocal manner, 
the use of these techniques in those areas has had a positive impact on the
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development of these techniques. Past studies and current work have established how 
beneficial these techniques can be to the study of the adhesion of a coating and justify 
their use in this project.
Chapter 3 
Surface Analysis Techniques for the 
Investigation of the Interface between Organic 
Coatings and Metals
No single surface analysis technique can provide all information such as chemical 
composition, chemical state and molecular structure. An understanding of surface 
phenomena generally requires more than one analysis technique. The key surface 
analytical techniques used during this work are X-ray photoelectron spectroscopy 
(XPS), time of flight secondary ion mass spectrometry (ToF-SIMS) and Auger 
electron spectroscopy (AES). They do not provide the same information, they do not 
have the same spatial resolution or the same sensitivity as indicated in Table 3-1.
For all these techniques, the spatial resolution is often defined by line-scanning a 
sharp edge and measuring the distance required for the signal from the edge material 
to change from 84% of the maximum or plateau value to 16% of the minimum.
XPS can be used for spectroscopy or imaging purpose. The development of 
imaging in XPS is more recent than the spectroscopy. It has been challenging due to 
the difficulty of focussing X-rays. The spatial resolution for imaging XPS can reach 3 
pm. Imaging by XPS will not be discussed in this thesis.
Table 3-1: Comparison surface analyses techniques
ToF-SIMS XPS(spectroscopy) AES
Spatial resolution 100 nm 15 pm 15 nm
Sensitivity ppm 0.1 at % 0.1 at%
Depth of analysis <lnm 5 nm 2 nm
As opposed to ToF-SIMS, XPS and AES are considered as non-destructive 
techniques. XPS allows an easy quantification of the surface composition and provide 
information on the chemical state of the elements observed. ToF-SIMS provides 
information on the molecular structure and its high sensitivity is outstanding in the
Surface Analysis Techniques
field of surface analysis. AES is used for its high spatial resolution.
3.1 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for 
chemical analysis (ESCA) is one of the most widely used surface analytical technique. 
It allows the identification of all elements, apart from hydrogen and helium, that are 
present in a sample at concentration superior to approximately 0.1 atomic percent. For 
standard surface analysis carried out with XPS, the chemical composition of about the 
top 5 nm of the surface can be determined. XPS is applicable to all classes of samples 
provided they are vacuum compatible. This includes organic and inorganic samples.
3.1.1 Basic concepts
An XPS experiment makes use of the irradiation of the surface sample by X-rays. 
If an X-ray is absorbed by an electron orbiting an atom, its energy is transferred to the 
electron which might be ejected. The electron might originate from a core level or 
from a weakly bound valence level. The photoelectron is ejected with a kinetic energy 
Ek, which is analysed by the spectrometer. Figure 3-1 shows the phenomenon.
Once a photoelectron has been emitted, the ionised atom has to return to a stable 
energy state. The relaxation process can be achieved by the rearrangement of the 
others electrons in the atom or by the emission of an X-ray photon. The electronic 
rearrangement will produce Auger electrons, whose peaks are present on XPS spectra 
along the photoelectron peaks.
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Figure 3-1: Relaxation of the ionised atom by the emission of a photoelectron
Where Eb = binding energy of the core level electron
hv = energy of the incident photon (the X-ray energy)
Ek = kinetic energy of the emitted photoelectron, measured by the spectrometer
W = spectrometer work function which is equal to the minimum energy required 
to remove an electron from the solid surface
Ef = Fermi level
The initial binding energy of the photoelectron ejected can be deduced from its 
kinetic energy using the equation:
Eb = hv - Ek -  W <3.1>
Energies are expressed in electron volts, 1 eV is equal to 1.6022 x 10'19 Joules. All 
the electrons with a binding energy below the X-ray energy will appear in the 
spectrum if they are elastically ejected from the sample surface.
3.1.2 Depth of analysis
X-rays can penetrate deep into the solid and lead to the emission of electrons.
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However, on the way out such electrons will collide with other atoms and lose their 
energy. The depth of analysis in electron spectroscopy is limited by the capacity of the 
electrons to escape from the material without such energy loss. So it varies with the 
kinetic energy of the electrons under consideration. When AES and XPS were first 
developed, it was thought that the inelastic mean free path (IMFP) was the quantity to 
use to determine the probability for an electron to escape from the surface. The IMFP 
is defined as the distance an electron can travel before losing its energy by inelastic 
collisions. Around the end of the 1980s, the term attenuation length was introduced, 
defined as an experimental value, taking into account elastic and inelastic phenomena 
[66]. As the first attenuation lengths were measured in the 70’s, there were called 
IMFP. The confusion of the two terms led to definitions such as empirically derived 
value of IMFP, which actually means attenuation length. In general the attenuation 
length is about 10 per cent less than the theoretical IMFP.
Attenuation lengths are tabulated and typically in the order of 1 to 3 nm depending 
of the material. Seah and Dench have proposed equations to model the attenuation 
length (A,) behaviour [67]. For elements, the equation is:
X = 538 a Ek '2 + 0.41(a3 EK)“  < 3 2>
Where Ek is the electron kinetic energy in eV, a is the atom size in nm. Thus the 
distance an electron travels in a solid depends on the kinetic energy of the emitted 
electron and on the density of the matrix material (Figure 3-2).
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F8
§
10 100
K r tu c  en ergy  (oV)
Figure 3-2: The attenuation length, A, as a function of the kinetic energy [67]
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The intensity of electrons (I) emitted from all depths greater than t  in a direction 
normal to the surface is given by the Beer-Lambert equation:
I = I0 exp (-t / X) <3.3>
Where Io is the intensity from an infinitely thick, uniform substrate.
With 0 the emission angle for the electrons, measured with respect to the surface 
normal, so that normal emission represents 0 = 0, this expression becomes:
I = I0 exp (-t / X cos 0) <3 A>
It can be shown that as a result of the exponential function, the electron emission 
normal to the sample surface is at 65 % originating from a depth of less than X and at 
95 % from a depth of less than 3X.
At 45°, 75% of the emission originates from a depth of less than X and 95% at 20°: 
at grazing angle, the emission is more representative of the surface (Figure 3-3). The 
analysis depth of XPS is thus usually taken as 3Xcos0.
Figure 3-3: The depth of analysis is a function of the emission angle
The Beer Lambert equation can be manipulated in a variety of ways to provide 
information about overlayer thickness and to provide a non-destructive depth profile 
when electrons ejected are analysed according to their angle of emission.
Plotting the logarithm of the intensity of the substrate signal as a function of
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(cosG)’1 provides an indication of the uniformity of an overlayer. The only limitation 
is at grazing angles, for which the contribution of the elastically scattered electrons 
becomes significant. Electrons originating from deep within the sample can be 
elastically scattered and can then be emitted at large angle with respect to the surface 
normal. Because the scattering is elastic, they will still contribute to the peak. At 
grazing angles, the effect causes the signal from the substrate to be overestimated.
If the attenuation length of the overlayer and the substrate are close, the equation 
can be manipulated easily to find the thickness of the overlayer. This is a method, 
which can be used for a metal and its oxide. In the case of two very different 
materials, the NPL has proposed a graphical solution to obtain the thickness of the 
overlayer [68]. If the system is more complex than an overlayer on a substrate, 
Cumpson software Arctick provides simple ways to find the hierarchy of the layers on 
the surface and indeed a full compositional depth profile [69].
These methods are useful if the intensity of the substrate can be measured, 
typically if the overlayer is less than 3 nm. With a thicker overlayer, the uncertainty 
increases.
3.1.3 Instrumentation
An electron spectrometer consists of a source of primary radiation and an electron 
energy analyser all contained within a ultra-high vacuum chamber (Figure 3-4). In 
practice, there is often a secondary vacuum chamber for the introduction and 
preparation of samples.
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Figure 3-4: Schematic diagram of an XPS instrument
3.1.3.1 Vacuum
The most fundamental reason for needing a vacuum environment is to allow the 
ejected electrons to travel in the chamber so that they can reach the analyser. It is 
often necessary also to keep a surface free from further contamination during the 
course of a surface analysis experiment. To obtain a high vacuum, two pumps are 
required, a backing pump removing the gas compressed by a high vacuum pump, 
which will then achieve pressures in the high and ultra-high vacuum regions.
Two basic categories of pumps exist. The gas transfer group is characterised by 
the gas particles transferred from the pumped volume to the atmosphere. In contrast, 
entrapment pumps are those that retain molecules by sorption or condensation on 
internal surfaces [70],
In this work a Sigma Probe Thermo VG Scientific is used. The analyses take place 
under ultra-high vacuum, which is obtained using the pumps described below.
Introduction chamber
Two pumps are employed in this chamber, a turbo molecular pump and a rotary 
vane pump. While the sample is introduced, the turbo pump is capable of evacuating a
7 ovacuum system pressure down to 10' to 10' mbar.
A backing pump is required to exhaust the turbo pump to the atmosphere, and
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must be of adequate size for roughing out the pump and maintaining the pressure 
required for full performance of the turbo pump. The rotary vane pump performs this 
task, this is a pump in which a volume filled with gas is cyclically isolated from the 
inlet, the gas being then transferred to the outlet. Vacua obtained are about 10"3 mbar.
Analysis chamber
Again two pumps are employed. The first one is called a sputter ion pump. This is 
a getter pump in which ionised gas is accelerated towards a getter surface, which is 
continuously renewed by cathodic sputtering. A getter material is a material (metal or 
metal alloy), which has a capacity of retention by chemical combination. The getter 
material, titanium, reacts with all active gases forming stable compounds.
The sublimation pump completes the system, it is in action only when required. 
This pump is part of the entrapment group. A titanium/molybdenum alloy filament is 
heated and produces a vapour, which condenses on any surrounding surfaces. This 
layer reacts with active gases to form stable compounds.
The vacuum during analysis is 10'9 mbar or better depending of the nature of the 
sample.
3.1.3.2 The source
A good source of X-rays has to provide high energy X-rays to be able to extract 
electrons of all the elements of the periodic table with a natural low line width.
X-rays are generated by bombarding an anode material with high-energy 
electrons. The electrons are emitted from a thermal source, an electrically heated 
tungsten filament. Good candidates for anode material are aluminium and magnesium 
because they offer a good compromise of X-ray lines high in energy and with a low 
width, as shown in Table 3-2.
Surface Analysis Techniques
Table 3-2: Energies and widths of some characteristic soft X-ray lines
Line Energy, eV Width, eV
NiLa 851.5 2.5
CuLa 929.7 3.8
M gK a 1253.6 0.7
A lK a 1486.6 0.85
SiKa 1739.5 1.0
Y La 1922.6 1.5
Zr La 2042.4 1.7
Twin anode
Aluminium and magnesium sources are often available together. They provide A1 
Ka and Mg Ka X-rays with energies of 1486.6 and 1253.6 eV respectively.
Non-destructive information about depth composition can be obtained by 
switching between sources of different energies. This is particularly useful when the 
sample surface is too rough to perform ARXPS. A higher energy source will liberate 
higher kinetic energy photoelectrons. These more energetic electrons have a greater 
attenuation length and consequently an increased sampling depth.
Switching from one source to another can also differentiate between photoelectron 
and Auger electron peaks. Auger electron peaks characterised by their kinetic energy 
will be shifted on a binding energy scale when the X-ray line is changed.
For a non monochromatic source, the emitted X-rays from the anode material are 
allowed to strike the sample directly, thus the X-ray flux is high. However, 
disadvantages are multiple. The X-ray line is wide. Weaker (satellite) X-ray lines will 
also strike the sample and generate electrons. The continuum X-ray background 
(Bremsstrahlung) will reach the sample. The beam cannot be focused, the spot size 
can be several mm2.
A thin X-ray transparent foil e.g. aluminium between the X-ray source and the 
sample will help to keep the sample clean as the filaments employed in a twin anode 
tend to produce contamination. When the filaments are heated up, they can release 
hydrocarbons accumulated at their surfaces. Another advantage of this thin foil is that 
excited by X-rays, it produces low energy electrons, which can minimise an unwanted 
charge accumulating on insulating samples.
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Monochromator
The other possibility is to operate the X-ray source with a monochromator. A 
monochromator is a quartz crystal or a combination of crystals, which allows to 
remove unwanted X-rays. Figure 3-5 represents a monochromated XPS source. The 
background emission (Bremsstrahlung) is removed. The X-ray line becomes thinner, 
e.g. for A1 Ka from 0.9 eV to 0.25 eV in the best cases.
When a monochromator is used, the overall X-ray flux is lower so that the number 
of electrons ejected and available for analysis is reduced. Even if XPS is considered as 
a non destructive technique, this lower excitation will be welcome in the case of 
sensitive samples such as some polymers.
A spotlight focused on the anode and reflected by the same crystal as the X-ray 
beam allows an accurate visual positioning in the Sigma Probe spectrometer.
Where n is the diffraction order, X  is the wavelength of the X-ray, d is the crystal
Electron Quartz
crystalsource
Electron
beam
Water-cooled anode
Monochromated X-rays
Figure 3-5: Schematic of a source used with a monochromator
The Bragg’s equation describes the action of the monochromator:
nA, = 2dsin9 <3.5>
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spacing and 0 the Bragg angle.
The beam can be focused with a monochromator in the Sigma Probe spectrometer, 
which allows to work with spot sizes in the range 15-500 pm.
3.1.33 Analyser
The hemispherical sector analyser (HSA) consists of a pair of concentric 
hemispherical electrodes between which there is a gap for the electrons to pass. 
Between the sample and the analyser there is usually a lens or a series of lenses to 
focus electrons. A retard is applied as well before the entrance of the HSA as the 
electrons reach the entrance with too great an energy to be measured with a good 
resolution.
The hemispherical electrodes have different potentials. The outer hemisphere is 
more negative than the inner one. The potentials applied on the electrodes allow to 
control the trajectory of the photoelectrons. Only the photoelectrons with a specific 
kinetic energy will go through the analyser without deviation and will be collected by 
channel electron multiplier at the exit. Channel electron multipliers multiply the 
photoelectron signal (Figure 3-6). Between the collector at the entrance and the metal 
anode at the other end of the channel electron multiplier, electrons travel in a tube. 
The wall of this tube are covered with a material (SnO), which, when struck by an 
electron having more than some threshold kinetic energy, will emit many secondary 
electrons. A potential being applied across the length of the channel electron 
multiplier, the metal anode allows to measure the current at the exit of this tube. The 
gain depends of the potential applied, but is typically about 108.
Ground
Ion
Path
, Electron 
Cascade
Figure 3-6: Amplification of the signal in the channel electron multiplier
- 4 8 -
Surface Analysis Techniques
The Sigma Probe is mounted with a line of six channel electron multipliers at the 
exit of the hemispheres but other instruments can be equipped with channel plates. A 
channel plate allows not only to collect information about the binding energy of the 
electrons but also spatial information (Figure 3-7). The knowledge of the position on 
the channel plate, where the electron has been detected, is used to obtain its angle of 
emission. This allows to do parallel acquisition of spectra for different angles, as 
opposed to serial acquisition.
Binding Energy information
(a)
03
13
p*
C /3 Binding Energy information
(b)
Figure 3-7: Channel electron multipliers can be organised in line (a) or as a
channel plate (b)
XPS instruments are in general operated with a constant pass energy or constant 
analyser energy mode (CAE). The electrons are accelerated or retarded to this energy 
defined by the spectrometer. This energy, known as pass energy is the energy they 
possess as they pass through the analyser. To acquire an XPS survey spectrum, the 
pass energy stays constant, consequently the resolution AE (in eV) is constant. The 
signal intensity will decrease when AE is decreased, which means the necessity to do 
compromises between resolution and intensity of the signal. Typically 20 eV will be 
used to acquire high-resolution spectra, and 100 eV for a survey spectrum.
3.1.4 Interpretation of XPS spectra
When the experiment is carried out on an insulating sample, charging may occur 
due to the emission of electrons. This positive charge on the sample retards the 
emitted electrons and thus causes broadening and deformation of the peaks as well as 
shifting the peaks position on the XPS spectrum. The charging occurs more often 
when a monochromator is used, as there is no aluminium foil emitting low energy
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electrons and the beam is more focused. There are practical actions to decrease this 
charging, as using a metallic grid over the sample surface and analysing in between 
the grid holes. An electron gun, called flood gun, is commonly available on 
monochromator systems and offers the possibility to compensate the charging. The 
sample is flooded with electrons of energy less than 5 eV, to avoid damaging the 
surface. It is not necessary to try to balance exactly the charging. An experiment can 
be carried out on a uniformly negatively charged sample surface.
There are different contributions to an XPS spectrum. Photoemissions peaks are 
associated with core-level photoionisation events, the binding energies can be readily 
identified from their positions using references binding energy values. They are the 
main useful source of information in an XPS spectrum. They might be confused with 
Auger electron peaks, thus it is interesting to double check through the presence of 
others photoemission lines for each element.
Switching between two different X-ray sources allows to distinguish easily Auger 
electrons peaks from photoelectrons peaks. The XPS spectrum is plotted on a binding 
energy axis. The energy of the source does not have any influence on the position of 
photoelectron peaks. However, as detailed in paragraph 3.2, Auger peaks are 
characterised by their kinetic energy. Consequently switching to another X-ray energy 
source will shift Auger peaks positions on a binding energy scale, while the 
photoelectrons peaks remain at the same value on this scale.
With unmonochromated sources, the anode will not produce only the main X-rays 
line, but also weaker satellite lines mentioned above. They produce minor features in 
the XPS spectra generally referred to as X-ray satellites, although this is not strictly 
correct as they are photoelectrons lines excited by the X-ray satellites of the main 
radiation. Figure 3-8 schematically shows the effect of the monochromator on the 
obtained XPS spectrum.
The background of the spectrum is due to emitted electrons that have been 
inelastically scattered within the solid. The background increases when the kinetic 
energy decreases, thus on a XPS spectrum with an increasing binding energy. The 
shape of the background gives potentially some information: a flat or decreasing 
background is associated with a “clean” sample.
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Wider photoemission 
peak
Peak due to an X- 
rays satellite line 
(e.g. AlKa,3 ,4 for A1 
source)
The background is mainly due to 
inelastically scattered electrons.
Unmonochromated signal 
Monochromated signal
Binding Energy
Figure 3-8: Effect of the monochromatation of the X-ray source on the XPS
spectrum acquired
For unmonochromated sources, a minor contribution to the background is the 
continuous Bremsstrahlung. To produce X-rays, an anode material is bombarded with 
high-energy electrons. Electrons are ejected from the anode, atoms are in an excited 
state and they relax by transitions of electrons that produce X-rays. X-rays are 
produced by the acceleration or deceleration of these electrons, when deflected by 
another charged particle, such as an atomic nucleus. The Bremsstrahlung radiation is 
this continuous spectrum present in the emitted X-ray signal originating from the X- 
ray source. The term is the German word for braking radiation.
At low binding energy (up to 20 eV), spectrum exhibits photoemissions of valence 
electrons. Interpretation of these features is more complex than the core-level lines.
The width of an XPS photoelectron peak is due to the X-ray line width, the line 
width due to the electron emission phenomenon and the broadening of the analyser. 
The shape of a XPS photoelectron peak is defined as a mix of a Gaussian and 
Lorentzian line shape. The physical phenomenon leads to the Lorentzian contribution 
while the analyser broadening follows a Gaussian law. If the instrumental resolution 
dominates the peak width, then a 100% Gaussian peak should be used and all peaks 
would have similar width.
To measure the intensity of the peaks or to define their shapes, the background has 
to be subtracted. For routine data processing, a Shirley background can be employed. 
The Shirley background is a simple background, whose intensity is proportional to the
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total intensity of the peak area above the background for all channels at higher kinetic 
energies up to some chosen limit.
3.1.5 XPS analysis
XPS analyses were carried out using a Thermo VG Scientific Sigma-Probe 
spectrometer. An monochromated AlKa radiation (hu = 1486.6 eV) with a MOW 
power source was generally used. For spot analysis, the X-ray spot size was 500 pm. 
The pass energy was set in general at 100 eV for survey spectra and 20 eV for high- 
resolution spectra. Pass energy has been modified for some specific applications, e.g. 
for a line scan which is extremely time consuming, a higher pass energy can be 
selected for high-resolution windows to limit the acquisition time (50 or 100 eV).
For survey spectra, recommendations have been made at the 34th International 
Union for Vacuum Science, Technique, and Applications (IUVSTA) workshop in 
2002, of a 0.4 eV step size and energy range up to 1350 (A1 Ka) and 1150 eV (Mg 
Ka) for a survey scan. For high-resolution windows, 0.1-0.2 eV step size is 
recommended [71]. Spectrum processing was carried out using Advantage V1.68B 
computer software.
3.2 Auger electron spectroscopy
The method is based on the excitation of so called “Auger electrons”. In 1923, 
Pierre Auger had described the P emission of electrons due to ionisation of a gas 
under bombardment by X-rays. This ionisation process can be provoked either by 
electrons commonly known as the Auger process or by photons as used by Pierre 
Auger.
The emitted Auger electrons are part of the secondary electron spectrum obtained 
under electron irradiation. Their characteristic energies allow the identification of the 
emitting elements. When a specimen is irradiated with electrons, secondary electrons 
are ejected in the same way than an X-ray beam will cause core electrons to be ejected 
in XPS (Figure 3-9). The difference is that in the case of electron irradiation the 
secondary electrons contain no analytical information. Electron beams do not produce 
emitted electrons at just one energy: with ionisation by an incoming electron, some of
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this electron’s energy can be retained by it, so that the electron emitted will have a 
kinetic energy less than the difference between the energy of the incoming electron 
and the binding energy o f the electron in the atom.
Primary electron
Secondary electron
Auger electron with E k  = E w x y
60
Vacuum
Transition liberates energy
Figure 3-9: Mechanism of the Auger Process
However, once an atom has been ionised it must relax. The empty electron 
position at Ew will be filled by an electron from a level closer to the Fermi level, e.g. 
Ex. The transition of the electron between levels Ex and Ew will liberate an energy 
AE, which is transferred to a third electron, ejected from EY with a kinetic energy Ek. 
Ek is approximated to:
Ek ~ Ew - Ex - Ey - T>a <3. 6>
Where Oa = work function of the analyser
Ey* = the energy level Ey when there is a core hole
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If Ex equals Ey, Ek can be estimated by:
Ek ~ Ew -  [EX(Z) + EX(Z+1)] - <X>a  <3. 7>
Where Z = atomic number of the atom
The kinetic energy of the Auger electron is characteristic of the material analysed. 
For this reason, Auger spectra are always plotted on a kinetic energy scale.
The probability of the ionisation of the core level Ew and its de-excitation process 
involving the emission of an Auger electron determines the probability of an Auger 
transition. Whether an atom to relax emits an Auger electron or a photon is 
determined by quantum mechanics rules. The emission probability varies with the 
atomic number and the type of the atomic level involved. This probability is 
depending on the transition involved.
AES is often described incorrectly as providing no chemical state information. The 
natural width of Auger transitions is dominated by the process itself rather than 
instrumental factors. Three energy levels are involved in an Auger transition and if 
they are three core electrons (CCC transitions), good chemical information can be 
obtained. If the Auger transition involves valence bands, the width of the peaks 
reflects the width of the valence band and thus can be broad.
3.2.1 Source
The VG Scientific Microlab Mk II used in this work has a York Probe Source, 
which is a Schottky field emission gun. This type of source is also called thermally 
assisted field emission source. They are a combination of a thermionic emitter and a 
field emitter.
The emission of electrons in a thermionic emitter is done by giving them the 
sufficient energy to jump the work function barrier. This is obtained with a rising 
temperature with an electrical current. The emitter has a pin geometry, usually a 
tungsten tip. In a field emitter, the principle is to reduce the magnitude of the work 
function barrier itself, both in height and in width. This is achieved by application of a
- 54 -
Surface Analysis Techniques
large electrostatic field between the emitter and an electrode.
The thermally assisted field emission source used in this work is a heated single 
crystal of tungsten in an electrostatic field. The crystal is coated with a semi­
conductor, zirconium oxide to decrease the work function. The Schottky effect is 
related to this metal semi-conductor contact. Adding the semi-conductor decreases the 
work function. The semi-conductor also provided a self-healing surface.
3.2.2 The Auger spectrum
The Auger peaks appear on a strong background, which is a combination of 
different contributions. Secondary electrons are emitted because they are issued from 
the same physical phenomenon. The Auger electrons that lose energy before escaping 
the material produce an inelastically scattered electron background. The primary 
electrons, which are inelastically backscattered contribute also to the background. The 
probability of an ionisation followed by an Auger de-excitation is 1 in 104. Thus one 
finds experimentally Auger electron transition superimposed on a high background.
The analyser can operate in two modes: Constant Analyser Energy (CAE) or 
constant retard ratio mode (CRR). The CAE mode is often used for XPS analysis. 
With AES, the CRR mode is employed to improve the signal-to-noise ratio for high- 
energy emitted electrons at the expense of resolution: a higher pass energy for high- 
energy emitted electrons provide higher transmission but poorer resolution.
In the CRR, the pass energy is equal to a constant fraction of the kinetic energy:
Pass Energy = Ek/RR <3. 8 >
The user chooses the retard ratio (RR). The percentage resolution, AE/Ek, is 
constant.
The measure of the Auger peak position can be done peak to peak in differential 
spectra. By using the first order derivative of the signal it is possible to get a better 
line assignment. The derivative signal highlights inflexion points (slope sign changes 
in the original signal). It is useful to distinguish between close transitions.
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Quantification by AES is not as straightforward as by XPS. The main reason is the 
matrix effect strong, which means that there are no atomic AES sensitivity factors of 
the type widely used for XPS. If a quantification is to be obtained, the creation of 
different compounds is required to calibrate the type of sample under investigation. 
Quantification started on differentiated AES spectra, as elements at low kinetic 
energies appear sometimes more as a bulge than a peak. The alternative to the 
differential approach requires one to fit accurately the background over a wide range 
of energy.
3.2.3 Auger analysis
Auger spectra and elemental maps were acquired using VG Scientific Microlab 
Mk II. Point spectra were obtained with a 15 keV electron beam having a probe 
diameter in the order of 300 nm, which delivered specimen currents in the region of 
25 nA. The analyser was operated in the constant retard ratio (CRR) mode with CRR 
= 4.
Survey spectra were acquired with a step size of 1 eV. The Auger elemental maps 
were obtained by setting energy windows over the peaks of interest. A “peak minus 
background divided by background” protocol was used to display elemental intensity 
information from the selected field of view 25 x 25 or 40 x 40 pm, on a 128 x 128 
pixel image.
3.3 Secondary ion mass spectrometry
Secondary ion mass spectrometry (SIMS) is a technique where a specimen surface 
is bombarded with ions of one particular species, in order to sputter atoms from their
normal positions on the sample surface. Atomic and molecular clusters are ejected. 
Neutral species represent the vast majority of the ejected material, more than 90%, but 
the information is extracted from the charged particles ejected.
3.3.1 Basic concepts
When a high-energy beam of ions bombards the surface sample, a billard-type 
collision process occurs, as shown in Figure 3-10. The ions energy is transferred to
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the atom in the solid and a cascade of collisions occurs between the atoms of the 
sample. Some collisions disappear deep into the solid, others return to the surface 
region causing the emission o f secondary particles. The energy o f the primary ions 
can also be dispersed through vibrations at a molecular level. The two fundamental 
processes involved with the SIMS phenomenon are the emission of the particles and 
their ionisation. The charged species, atoms or clusters represent less than 5 %  o f the 
total emitted signal.
Emitted secondary 
( )  O particles
OOIncident primary 
particle
Figure 3-10: Mechanism of emission of secondary particles
Spectrometry can be either performed in the static or the dynamic mode. The very 
nature of the SIMS process results in the removal o f surface materials and hence 
introduces damage into the sample. An analysis is considered static only, if  SIMS the 
level o f damage is limited to such an extent (less than 1% of the surface) that the 
SIMS spectrum is representative o f an undamaged surface. In practice, the primary 
ions will not hit the same point of the specimen more than once.
Briggs and co workers have determined the static limit using poly(vinyl chloride) 
PVC and poly(methyl methacrylate) PMMA surfaces using both XPS and SIMS to 
monitor the surface chemistry and the damage resulting from the ion bombardment 
[72]. For these particular polymers, it was established that an ion dose of 1013 cm 2 
was the maximum allowable. To take into account the different sensitivities o f 
different polymers and because the beam energies used in modern instruments are 
higher, a static limit of 1 0 12 cm'2 is judged more reliable for the present work.
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Static SIMS can be realised only with sophisticated analysers, as the flux of 
primary ions has to be very low, and consequently the signal received is low as well. 
The current most efficient analyser is based on time of flight (ToF). All ions are 
collected and their masses differentiated by their time of flight through the analyser, 
the heavier, the slower.
The emission and ionisation processes are taken into account in equation 3.6:
Im* = IP ym a+ Qm q <3.9>
Where Im5 = secondary ion current of species m
Ip = primary particle flux
The sputter yield ym is the ratio of the number of atoms of species m, neutral and 
ionic, sputtered to the number of primary ions bombarded. It increases linearly with 
the primary flux and varies for the various elements.
a+ is the ionisation probability to form positive ions. Qm is the fractional 
concentration of the species m in the surface layer, q is the transmission of the 
analyser system.
The SIMS ionisation efficiency is called ion yield. Ionisation varies with the 
chemical state of a surface, the ion yield for a particular element may vary 
dramatically for example for a metal as compared to its oxide.
Mass resolution is characterised by the ratio ml Am, which increases with 
increasing masses. Spectra are presented on a unified atomic mass unit (u) scale, u is 
defined as 12C/12 [73].
3.3.2 The primary ion source
The most widely used primary ion guns are liquid metal ion sources. They are 
appreciated for their capacity to produce a very focused ion beam and their high 
brightness. Such sources are based on the principle of stripping electrons from source 
atoms situated near to an extremely high local electrical field. The most commonly 
ion source is made of a very thin tungsten tip on which liquid gallium is allowed to 
flow. Gallium is appreciated for its low melting point (room temperature). Bismuth
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has a melting point of 271 °C. Gold sources are difficult to use due to the higher 
melting point, above 1000°C and tendency to vaporise in vacuum. Polyatomic have 
been developed more recently: polyatomic sources are known to be less destructive 
and allow one to detect higher masses, so these sources are particularly appreciated 
for polymers. Nitrogen containing materials seem to be more sensitive to polyatomic 
sources. An example of cluster ions source is bismuth: Bi+, Bi3+, Bis+. The limit is in 
the low primary current obtained with some clusters, e.g. Bis+.
Opposing electrostatic and surface tension forces has the effect of distorting the 
liquid metal towards the exit ring and setting up a cone of liquid metal on the probe 
tip (Figure 3-11). Ions are stripped away from the cone.
Needle
Liquid film Taylor cone
Extractor
Figure 3-11: Schematic of a field ionisation source
A mass filter is added between the ion gun and the specimen to remove unwanted 
ions and neutrals. This is how different clusters can be selected out of the same 
primary ion source. It might be a Wien filter, which combines an electrostatic and a 
magnetic field to curve trajectories of ions depending of their masses and their 
charges.
3.3.3 The mass spectrometer
In static SIMS, the time of flight analyser is the preferred analyser because, as 
opposed to quadrupole mass filter and magnetic sector, all ions are analysed in a 
parallel mode. For the two others types of analysers, they only allow the sequential 
transmission of ions, all others ions being discarded. Magnetic sector mass 
spectrometers pose considerable difficulties to install and maintain because of the 
UHV required. The quadrupole mass analyser has a low transmission device of less
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than 1%. In comparison, the transmission of the ToF-SIMS system is usually between 
10 and 50%.
Time of flight mass spectrometry is conceptually simple: secondary ions are 
accelerated to a given potential such that all ions possess the same kinetic energy, they 
are then allowed to drift through a field space before striking the detector. The ions 
will have different velocities because they start with the same kinetic energy but have 
different masses. Hence they separate as they drift along the tube with the ions of 
lowest mass arriving first to the detector. The flight time is given by equation 3.7:
t = L (m/2zV) '/2 <3.10>
Where t = flight time (s)
m/z = mass to charge ratio
V = acceleration potential (Volt)
L = length of the flight path (m)
The flight of all the ions to the detector are electronically measured. Thus a mass 
spectrum is generated from the flight spectrum. The accuracy of time measurement is 
therefore of primary importance. Mass resolution is critically dependent upon the 
pulse length of the secondary ion pulse, which should be precise and short. This in 
turn depends upon the pulse length of the primary ion beam, which is typically of the 
order of nanoseconds.
Time-of-flight detectors have the ability to detect ions of very high mass number 
unlike the magnetic sector or quadrupole analysers. An ion of any mass can be 
detected if the time between two initial pulses is made sufficiently long. However, the 
longer the time between the pulses, the longer is the acquisition time. As a result, the 
time between two pulses is a compromise between the range of masses required and 
the acquisition time.
The energy of the primary ions can be decreased to limit the surface damage 
and/or to collect higher masses clusters. It is possible to remove ions more efficiently 
by applying a post acceleration, i.e. an electrical field very close to the sample 
surface.
Ions do not all emerge from an ion source with exactly the same kinetic energy.
- 60 -
Surface Analysis Techniques
This kinetic energy spread results in a distribution of time of detection. This effect can 
be partially corrected using an ion mirror to reflect the ions back towards a detector 
positioned near the ion source (Figure 3-12). This process is known as energy 
compensation. The mirror consists of spaced rings to which is applied a gradually 
increasing retarding field.
Ions with high kinetic energies will travel further into the mirror before they are 
reflected. An analyser with an ion mirror is referred to as a "reflectron".
Ions are converted into signals using ion-to-electron conversion detectors. These 
detectors have a flat plate surface that is exposed to the incoming ions. The ions strike 
the surface and the collisions result in the prompt emission o f electrons and small 
negative ions. These electrons and ions are accelerated to another surface that 
produces electrons exclusively. These electrons are amplified using conventional 
electron multipliers, e.g. channel plates.
Detector
c=> w  
c = 0
o  => 
o  «=>
Emitted ions Mirror
+ kV, Post-acceleration
Figure 3-12: Schematic of ToF-SIMS analyser
3.3.4 ToF-SIMS analysis
The ToF-SIMS spectra were acquired using a ToF-SIMS IV and a ToF-SIMS 5 
manufactured by ION-TOF GmbH. These instruments are equipped with a 20kV post­
acceleration capability, a reflectron ToF analyser and a microchannel plate- 
scintillator-photomultiplier detector. A caesium ion source at 9kV was employed on 
the ToF-SIMS IV and a bismuth source at 25 kV on the ToF-SIMS 5. The primary ion
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beams were raster over 1 0 0  x 1 0 0  jam2 or 150 x 150 pm2. Static SIMS conditions were 
employed (<1 0 12 ions cm"2 per analysis). Charge neutralization is achieved by a 
pulsed electron flood source.
3.4 Concluding remarks
Most of the experiments which have been carried out and are discussed in the 
following chapters are based on these three analytical techniques, XPS, AES and ToF- 
SIMS. This chapter has given a brief overview of the techniques, but for more details, 
several books seek to introduce the reader to surface analysis and are useful references 
[64, 74, 75, 76, 77].
Because of the depth of analysis of these techniques, the cleanliness of the samples 
is a concern for all samples prepared. The samples were manipulated with powder 
free gloves and stored wrapped in aluminium. The preparation of the samples is 
discussed more in details in the following chapter, as well as the base materials used 
throughout this work: the steel, the coating, including its main components and the 
silane.
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The Preparation of Polyamide Powder Coated
Steel
4.1 Introduction
The purpose of this thesis is to modify a commercial powder coating with an 
organosilane, to evaluate the new coatings created and to obtain an in-depth 
understanding of the action of the organosilane as adhesion promoter. Consequently, 
two main kinds of samples were designed.
To evaluate the durability of the modified coatings, samples have been prepared at 
CERDATO, the ARKEMA collaborative industrial research centre in France. They 
are steel covered with a PA 11 based powder coating. The powder stock used is a 
commercial product, which is electrostatically applied to the steel substrate and then 
melted into a uniform coating. Powders have been prepared, based on the standard 
product with addition of 3-aminopropyltriethoxysilane (APS) at different 
concentrations.
To get a better understanding of the mechanism of action of the aminosilane, 
specific model experiments were designed. Details on these samples will be given in 
the relevant chapters.
The purpose of this chapter is to provide details about the steel, the powder 
coating and the APS, all base materials in this study. The coating application process 
will also be described.
4.2 Steel
Substrates are mild steel sheets 10 by 10 cm and 1 mm thick, some were used as 
received, i.e. cold rolled steel, while others were grit blasted. The grit blasted sheets 
were treated with crushed steel media, sized between 0.3 and 0.7 mm. They have all 
been degreased with trichloroethylene vapour. All sheets were stored at a stable and 
controlled temperature (18°C).
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The bulk analysis of the steel (Allvac Ltd, Sheffield, UK) is presented in Table 
4-1. Like in any typical mild steel, carbon, silicon, manganese, phosphorus, sulphur, 
chromium, molybdenum, nickel, aluminium, copper are present. Their concentrations 
are relatively low, they are residual amounts rather than alloying elements.
Table 4-1: Bulk composition of the steel
Element Concentration(wt%) Element
Concentration
(wt%)
C 0.32 B < 0 . 0 0 1
Si <0 . 0 1 Co <0 . 0 1
Mn 0 . 2 2 Cu 0.05
P 0.008 N 0.006
S 0 . 0 1 2 Nb 0.005
Cr 0.03 Sn 0.005
Mo 0 . 0 1 Ti 0.003
Ni 0.03 V <0 . 0 1
A1 0.078 W <0 . 0 1
0 0.055
The analysis of the surface of the steel has been conducted by XPS (Table 4-2 and 
Figure 4-1).
Table 4-2: Composition of the steel surface by XPS
Element Concentration(at%) Element
Concentration
(at%)
C 46.1 Zn 0 . 6
O 39.6 Si 0.4
Mg 2 . 8 P 0.4
N 2.5 Cl 0.3
Na 2.4 Cu 0.3
Fe 1 . 8 s 0.3
Ca 1.4 Pb <0 . 1
Cr 1 . 2
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Figure 4-1: XPS survey spectrum of the cleaned steel surface
As XPS determines the composition of the first few nanometers of the sample, 
iron is not the major element observed. Metals observed by XPS show layers 
stratification, as shown in Figure 4-2. The Fe metal is buried under approximately a 
couple o f nanometres o f oxides. This layer stratification has been studied by Kurbatov 
et al. [78, 79], The hydroxyl layer FeOOH is around 0.2 to 0.3 nm thick. The 
thickness o f the overlayer depends of the previous history of the sample: humidity and 
heat influence this layer stratification. All metals, with the exception o f the very noble 
ones, form oxide films on their surfaces on exposure to the atmosphere.
Besides, metal oxides and hydroxides are surfaces with high surface free energies 
so they easily attract carbonaceous surface contaminants. The driving force o f this 
layer stratification is the reduction o f the surface free energy. The carbonaceous 
contamination results in the scattering of the electrons ejected from the iron atoms 
underneath. This is apparent on the XPS spectrum in the rising background after the 
main iron peaks.
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Figure 4-2: Hierarchy of the layers on iron/steel surface
The amount of carbon found on the clean steel surface, 46.1 at%, is in good 
agreement with data encountered in the literature. For example, when Castle and 
Watts compared three different preparation techniques for steel, two mechanical 
removals of the surface and one solution treatment, the amount of carbon observed at 
the surface after such treatments were in a range of 40 to 60 at%, the most efficient 
cleaning process being the use of an emery cloth [16].
Adventitious carbon is useful for the processing of XPS data. Adventitious carbon 
is commonly used to determine the charge shift or insulators in XPS experiments as it 
is present on most of the samples. A carbon bonded only to hydrogen or other carbon 
atoms like one found in an alkyl chain gives a peak fixed by definition at 285 eV. 
Different laboratories may use different reference values comprised between 284.6 
and 285.2 eV. Actually for a very thin carbon layer on metal, the value will be closer 
to 284.6 eV. Once this C Is reference is set, the whole of the spectrum can be shifted 
if required, i.e. if there is charging of the sample during the XPS experiment.
Acquiring high-resolution spectra allows one to distinguish different chemical 
states for an element, this is one of the main strengths of the XPS technique. The C Is 
signal given by a carbon bonded to a hydroxy group, C-OH is observed around 286.7 
eV, a carbon double bonded to oxygen appears at 288.7 eV. Figure 4-3 shows the 
peak fit of C Is recorded from the steel surface. In the same way, the peak fit of an 
oxygen peak reveals the presence of hydroxide, oxide and water.
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Figure 4-3: Peak fit of the photoelectron peaks C Is and O Is. The sample 
investigated is a clean steel surface.
From the Fe 2p high-resolution spectra, the nature of the iron oxide can be 
determined. The position o f the satellites allows a quick determination of the oxide 
present: Fe11 satellites are visible at 715 and 729 eV, Fem satellites are apparent at 718 
eV and 731.5 eV [80], On the steel surface, Fe111 is the one observed, there is 
formation of rust (Figure 4-4).
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Figure 4-4: High-resolution spectra of the Fe 2p peaks region showing the 
position of the Fe 2p satellites, spectra by Castle et al. [80] (a) and an example of 
clean steel analysed for this project (b)
To summarize, the steel used in this work exhibits a complex composition and the 
XPS analysis has highlighted the presence of a layer stratification on top of the metal 
surface, including Fe111 oxide.
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4.3 Coating
Powder coating is not created through the evaporation of a liquid vehicle as for 
solvent based coatings. A polymer powder is applied on a substrate and warmed up. 
The polymer particles melt to form a continuous protecting film. Fifty years have 
passed since the first research on this process and powder coating is now a well- 
established commercial success. Its popularity is due to several reasons. Powder 
coatings are used in preference to liquid paint, because they are safer (less toxic, less 
flammable), environmentally friendly (e.g. usable over spray, no solvents, no empty 
paint tins) and create high-build coatings without multi-coats (wet paints create 
thinner layers).
There are two mains classes of powder coatings: thermoplastic and thermosetting 
types. Traditionally thermoplastic resins were well established in the field of powder 
coatings before thermosetting products were developed.
The powder coating used in this work is a commercial available product 
manufactured by ARKEMA under the product designation RILSAN® It is based on 
polyamide 11 (PA 11), this particular polymer being a low water absorption 
polyamide. Polyamide is a thermoplastic polymer, it softens with the application of 
heat and solidifies below its melting point of 184°C. It only has to become molten to 
form a continuous coating film, with its full properties. Compared to thermosets, an 
absence of curing agents in thermoplastics results in a longer shelf life for the powder 
stock.
4.3.1 Formulation and production
The polyamide 11 based powder coating is a “green” product, the monomer being 
extracted from castor oil, obtained from the seeds of a shrub. The number 11 
corresponds to the number of carbon atoms in the polymer repeat unit.
Castor oil is made up of more than 85% of ricinoleic acid. The molecule of this 
acid has a linear chain containing 18 carbon atoms. The chain is broken into 2 parts, 
one of C7  and the other of Cn. 11 amino-undecanoic acid is obtained by amination of 
the Cn chain. This is monomer 11, a white powder, which when polymerised, 
becomes polyamide 11, as shown in Figure 4-5.
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Figure 4-5: Ricinoleic acid (a) is broken in 2 molecules to obtain the monomer
(b) which polymerised forms the polyamide 11 (c)
The production of the PA 11 based powder is divided in 3 main steps:
S t e p  1  Controlled oligomerization of the monomer
The result is a kind of polymer popcorn [Figure 4-6], which is then mechanically 
ground. The molecular weight (Mn) reaches 5000 g.mof , around 25 repeats units.
/wY/w///w/i//!iiniiiijii!i[iiniiiii|iui|TtH\"'! uw\v\\\W'\\v\v 
I c L  V ' 2 \  ' 3 j ' 41 51 f, l \  **
Figure 4-6: The PA11 at a low molecular weight, before grinding
S t e p  2  Intimate mixing with additives
Additives such as dyes are added. The powder exists in a wide range o f shades but 
this work has been solely carried out with the black colour. The mixture is extruded 
and laminated into brittle flakes. These flakes are ground according to requirements. 
The powder size distribution is controlled at this stage.
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Step 3 Last polymerisation, solid state condensation
The polymerisation takes place in the individual particles, leading to an increase in 
the polymer molecular mass and viscosity. The molecular weight reaches 12000 
g.moT1.
The polymerisation occurs in two steps (steps 1 and 3). That has a practical 
consequence: the grinding of a polymer into powder is less costly at low molecular 
weight. However, the increase of the molecular weight afterwards is required to 
obtain a less brittle coating.
4.3.1.1 Dolomite
Apart from polyamide 11, the powder coating contains approximately 40 wt% of a 
mineral filler, dolomite, which is a calcium magnesium carbonate CaMg(CC>3)2 . The 
composition of the dolomite powder as determined by XPS is presented in Table 4-3, 
the powder if free from any trace of silicon. In the high-resolution spectra recorded 
during the XPS experiment, a Cls peak at 289.9 eV attributed to carbonates CO32* is 
readily observed.
Table 4-3: Composition of the dolomite by XPS
Element Concentration (at%)
C 26.4
O 54.6
Ca 9.4
Mg 9.6
4.3.1.2 Carbon black
The powder contains in small proportions other additives, the main one being the 
colouring agent. The carbon black powder has been analysed by XPS. The survey 
spectrum only contains carbon and oxygen (Figure 4-7), the flat background is due to 
the simple organisation of the material at the surface. This can be compared to the 
complex stratification of layers observed during the analysis of the steel (Figure 4-1).
The actual form of the carbon black employed has changed during the project. The 
black powder was replaced by a beaded version of the carbon, with a particle size of a
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few hundreds of microns. Both powder and beaded black carbon have been analysed 
and the only change is the amount of oxygen detected (Table 4-4). The spectrum of 
the beaded version of the carbon exhibits less oxygen, which is logical as it shows less 
surface susceptible to react with the air. No silicon has been detected by XPS on the 
carbon black surface.
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Figure 4-7: XPS survey spectrum of the carbon black powder
Table 4-4: Composition of the carbon black by XPS (at%)
Element Black powder Beaded black
O 2.9 2 . 0
C 97.1 98.0
4.3.1.3 Initial powder
After the analysis of the individual components of the powder, an XPS experiment 
was also carried out on the initial powder. There is no silicon detected in the 
components of the powder, however, there is a trace amount of silicon, 0 .1  at%, 
detected in the final product (Table 4-5). The low amount of silicon in the powder 
means that a long acquisition time was required to distinguish the silicon peak from 
the background (Figure 4-8). The trace of silicon is likely to be due to the production 
and handling o f the powder: it is produced and manipulated in an industrial
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environment. Silicon is a contaminant commonly observed in surface analysis.
The phosphorus detected originates from a catalyst employed during the 
production of PA 11.
Table 4-5: Composition of the initial powder stock by XPS
Element Concentration (at%)
C 80.8
O 14.3
N 4.3
Ca 0 .1
P 0.3
Si 0 .1
Mg 0 .1
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Figure 4-8: Si 2p photoelectron peak
The peak fit o f the Cl s from this powder sample is close to the expected peak fit 
for the polyamide (Figure 4-9). The carbon originates mainly from the polyamide, but 
other sources to take into account are the carbon black and the carbonate associated to 
the mineral filler. There is no carbon peak identified at 289.9 eV as for a carbonate, 
but magnesium and calcium are also detected in low amounts: in the powder stock, 
the particles of mineral fillers are largely covered by the black carbon and the PA 11 
particles.
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Figure 4-9: Peak fit of the Cls peak recorded for the initial powder
4.3.2 Powder modification
The powder has been modified by the addition of a coupling agent, APS, 3- 
aminopropyltriethoxysilane (Figure 4-10). Various powders have been prepared, one 
unmodified and others mixed with APS at concentrations of 0, 0.3, 0.6, 0.9 and 1.2 
wt%. APS has been purchased at Sigma-Aldrich (Poole, UK) and is a 99% pure 
liquid.
The APS is extracted from the bottle with a syringe and directly mixed with the 
powder stock in a rotary mixing chamber for 100 seconds. These conditions were 
used for all the modified powders prepared for this work.
C2H5
I
0
1
h 2n  - (C H 2)3— Si—o - c 2h 5
0
1
c 2H5
Figure 4-10: 3-aminopropyltriethoxysilane (APS)
The aminosilane liquid is packaged in an airtight bottle. This precaution is 
required because the APS hydrolyses spontaneously. This specificity of the APS 
means that a standard process o f hydrolysis is not required before introducing the 
silane into the powder stock.
It is observed in laboratory that the humidity in the environment is enough to
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ensure the hydrolysis o f the APS. However, to standardize the process and assure an 
adequate level of moisture, a defined amount o f distilled water, the stoichiometric 
quantity required for the hydrolysis, is sprinkled in the powder stock when mixed in 
the rotary mixing chamber. APS addition and water addition are not performed 
simultaneously but one following the other with a few seconds delay, while the 
powder is continuously mixed. The modified powders were then sieved to < 280 pm 
particle size. Modified powders were sprayed in the usual manner the following day.
An analysis of a polymerised thick layer o f APS deposited on aluminium foil has 
been performed. The peak fit o f the carbon C ls region is shown in Figure 4-11. It is 
gratifying to confirm that the ratios of nitrogen to carbon Ci and silicon to carbon C3 
are both close to one. The total composition is 49.7% of carbon, 11.3% of nitrogen, 
25.4% of oxygen and 12.2% of silicon.
(Si) (O)
(N) (C3) (C2) (CO Q
/
H2N —CH2— CH2— CH2— Si—OH
O
H2N —CH2— CH2— CH2— Si—OH
o
Cl 284.3 eV N Is 399.6 eV
C2 285.0 eV Si 2s 153.8 eV
C3 286.1 eV O Is 532.4 eV
Figure 4-11: Peak fit of the C Is peak; the sample is a thick layer of APS
The carbon C2 component is higher than expected. This is likely to be due to the 
presence of carbon contamination. APS is sold as 99% pure but no information was 
available from the vendor on the common impurities present in the product, as for 
example aminobutylsilane.
The initial APS molecule has a ratio o f oxygen to silicon equal to 3. When the 
molecule polymerises, this value decreases, as shown in Table 4-6. For the layer of 
APS studied, the ratio of oxygen to silicon equals 2 , which means that an average 
silicon atom bridges twice with other silicon atoms. The minimum value is 1.5, which
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would be found for an APS molecule completely polymerised. It is possible that the 
APS sample crosslink further when ageing.
Table 4-6: Theoretical compositions for APS at different stages of hydrolysis
and cross linking (at%)
Description Chemical structure %C % o %N %Si O/Si
APS
C2H5
1
0
1
H2N— (CH2)3— Si—0 - C 2H5
0
1c2H5
64.3 21.4 7.1 7.1 3
APS fully hydrolysed
OH
1
H2N — (CH2)3— Si-OH  
OH
37.5 37.5 12.5 12.5 3
APS hydrolysed 
1 crosslinking
OH
1
H2N— (CH2)3— Si—OH
0
1
Si
40.0 33.3 13.3 13.3 2.5
APS hydrolysed 
2 crosslinking
OH
1
H2N---- (CH2)3— S i-O -S i
0
1
Si
42.9 28.6 14.3 14.3 2
4.3.3 Application methods for powder coatings
Early powder coatings were achieved by manually throwing powder onto 
preheated items from a shallow tray of finely ground polymer. In 1954, a German 
engineer, Irwin Gemmer, patented the fluidised bed for powder coating, which 
quickly became widely accepted as an industrial coating operation. This led to an 
expansion of the newly bom "powder coating" technique of surface coating. In 1962, 
SAMES a French company developed the first method of applying coating powders
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by electrostatic spray (ES). Both processes, fluidised bed and electrostatic spray are 
currently used for thermoplastic coating powders [81].
4.3.3.1 Fluidised Bed
The polyamide powders are available in different particles sizes distributions: for 
fluidised bed applications, heavier particles are employed than for an electrostatic 
application, so that they do not disperse in the air.
Basically, the fluidised bed equipment consists of a dip tank with a perforated 
shelf near the bottom. The powder is placed on this shelf and low-pressure air is fed 
under the perforated shelf, resulting in a cloud of fine powder in the body of the dip 
tank [6]. The powder particles become separated and airborne without being carried 
away by the air stream, the fluidised powder bed then behaves like a fluid. The article 
is heated to a little above the melting point of the powder and then dipped into the 
fluidised bed for a short period. It is then withdrawn and the coating is cured in an 
oven. Spoilt articles can be repaired by reheating and reflowing the film if a 
thermoplastic powder is used.
Fluidised bed application results in thicknesses greater than 250 pm. The article 
needs to have a suitable thickness to provide sufficient thermal mass to enable fusion 
of the powder stock on the substrate.
4.3.3.2 Electrostatic coating
The size of particles used for electrostatic coating is smaller than for a fluidised 
bed application. In this study, the median particle size is around 30 pm. This means 
that the numbers of particles, either smaller than 30 pm or bigger than 30 pm, both 
represent around 50% of the mass.
The ES process takes advantage of electrostatic attraction. Powder particles are 
electrically charged. They are attracted to the earthed work piece and coated not only 
on the front surface but also the back surface to a large extent if the object is not too 
deep or too wide (Figure 4-12 and Figure 4-13). The powder remains on the metal for 
one or two minutes after its application, which gives enough time to transfer the 
sample in the oven. Heated up, the powder melts and forms a uniform coating. It 
requires suitably designed articles as it is difficult to obtain adequate cover in 
electrically shaded areas and interiors of hollow articles.
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In the current project, the powder charged at +30 kV was sprayed onto the steel 
panels (10 by 1 0  cm) for 30 seconds. Samples were cured in an oven heated at 210°C 
directly afterwards. The PA 11 fusion temperature is in the range o f 180-190°C. The 
powder melts, wets the metal substrate and becomes a uniform coating. The process 
lasts ten minutes, afterwards samples are cooled in the ambient air. The resulting 
coating is 80 to 1 2 0  pm thick, uniform looking and slightly glossy.
4.4 Nature of the silieon
To extract information about the role o f the APS in the durability o f the coating, 
the first requirement is to be able to identify the presence o f APS on the steel and on 
the coating. In theory, silicon could be used as a marker. However, the investigation 
of the different materials has highlighted the presence o f some traces o f silicon in both 
the steel and the initial powder stock. Consequently, further investigation of the nature 
o f the silicon has been carried out.
The silicon peak most employed in XPS experiments is the Si 2p peak at 100 eV. 
This peak is not fitted in its components, Si 2 p 3/2 and Si 2 p y2 peaks, except when 
working on silicon wafers with monochromated XPS. High-resolution XPS spectra 
around the binding energy 100 eV have been recorded. The binding energy range 
acquired was large from binding energy below 85 eV to 115 eV, so that this range
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potentially contains the Mg 2s peak, the Fe 3 s peak and the Si 2p peaks. The purpose 
is to obtain an accurate peak fit when required. Information about the stratification is 
potentially accessible through the shape of the background. A magnesium twin anode 
source and an aluminium monochromated source have been used in order to identify 
Auger peaks included in this range of binding energy and in order to enhance the 
spectra resolutions.
Careful peak fitting has been performed with the CasaXPS software [82], for 
which a user book has recently been released [83]. For the peak fitting of this area, the 
software CasaXPS offers more flexibility than the Avantage software used routinely 
for quantification. The CasaXPS software allows one to work with an initial flat 
background. For each element, 2 parameters, which can be named a “step” and a 
“slope”, are defined. These parameters are ways to introduce a change in the 
background (as shown in Figure 4-14). This method is more relevant than a large 
Shirley background when the range of binding energies under investigation contains 
different peaks. Different photoelectron peaks do not all exhibit the same changes in 
the background and a uniform background might be an oversimplification.
" ' j  Slope
Step
Binding Energy
Figure 4-14: Parameters used to describe a change in background
The “slope” is mainly due to extrinsic losses. An increasing slope after one 
photoelectron peak means that the compound analysed is buried under another layer. 
There is scattering of the photoelectrons ejected, part of them are losing kinetic 
energy. An example is the iron buried under a carbonaceous layer (Figure 4-1). A flat 
background is characteristic of a simple organisation at the surface (Figure 4-7).
The “step” is mainly due to the intrinsic background. An assessment of the 
intrinsic background can be done by comparison between spectra. The same intrinsic 
parameter should fit the same photoelectron peak in different samples. In this study,
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on different XPS spectra from different steels samples, the Fe 3 s peak has to be fitted 
with the same intrinsic parameter, but the slopes might be different as the quantities of 
organic compounds remaining on the steel surfaces might be different. Oxides and 
metal can have different intrinsic parameters. Satellites are given an intrinsic 
parameter zero, they do not add a step in the overall background. All these different 
contributions can be convoluted with the CasaXPS software. Castle et al. describe the 
source of these phenomena in detail and have established the intrinsic parameter of 
different materials [84, 85]. This peak fitting procedure is required for complex XPS 
spectra.
The study of iron allows one to determine the intrinsic parameter for Fe 3 s. Pure 
iron foil (Johnson Matthey Chemicals Limited, UK) cleaned by ultrasonic acetone and 
hexane, has been studied as a reference material (Figure 4-15, a and b). Three peaks 
can be observed for the Fe 3 s area: the main peak at 93 eV, around 90eV a shoulder 
can be observed, which is the metal component (Fe°) and the oxide component (Fem) 
of the Fe 3 s peak is around 100 eV.
The value of the parameter k  (the “step” parameter in the CasaXPS software) for 
the Fe 3 s peak was fixed at 0.2. This value, provided by the study of the iron, has been 
used afterwards in the study of the steel (Figure 4-15, c ). On the steel surface, the 
XPS spectrum exhibits silicon and magnesium peaks close to the Fe 3 s peak. It can 
also been observed that the scattering of the photoelectrons is stronger on the steel 
than on the clean and etched iron. This is in good agreement with the surface 
compositions: iron represents 2.6 at% only of the surface composition of the clean 
steel but up to 24 at% for the iron etched 60 seconds.
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Figure 4-15: Peak fit of Fe3s, high-resolution window around the 100 eV 
binding energy: clean iron foil (a), clean iron foil etched 60 seconds (b), clean
steel (c)
The spectra exhibit also a broad peak around 100 eV, which is not an Auger peak 
because the spectra look similar with both a magnesium source and an aluminium 
source. No other element explains this peak and it is still present after etching of the 
surface. This led to the conclusion that it must be a satellite peak of the Fe 3 s main 
peak similarly to those obtained in the Fe 2p.
There is no example in the literature for a peak fit for the Fe 3s peak region, as it 
can be found to the more commonly studied Fe 2p peaks [80], However, there is a 
reference by McIntyre and Zetaruk, which confirms this hypothesis [8 6 ]. The broad 
peak around 100 eV is due to the electronic structure of iron. They studied iron oxides 
by XPS back in 1977. The Fe 2 p, 3s and 3p spectra are shown in Figure 4-16. They 
reported Fe 3s metal at 90.9 eV, Fe11 at 92.5 and Fe111 at 93.6 eV.
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Figure 4-16: XPS study of Fe2 0 3  iron oxide: high resolution spectra of the Fe
2p, 3s and 3p peaks [86]
The position of the Fe 3 s satellite moves after etching or wiping the surface with 
lint free tissue, this shift is observed as well for the Fe 2p 3/2 satellite peak, as it has 
been plotted on Figure 4-17. These two observations lead to the conclusion that the 
oxide observed changes, from Fe111 to Fe11 after etching or when wiped carefully. 
Argon etching as already shown to induce partial decomposition o f the Fe20 3 and an 
increase o f the FeO phase [79], The presence of Fe11 on the cleaned iron was not 
expected, this might be due to the fact that the XPS analysis was carried out straight 
after the cleaning of the surface.
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Figure 4-17: Position of the iron satellite peaks for Fe 2p 3/2 and Fe 3s
The silicon signal has not been studied only on metal substrates, the initial powder 
and a thick layer of APS deposited on aluminium foil have also been analysed. The 
positions of the different Si 2p peaks (relatively to the C Is fixed at 285 eV) are 
summarized in Table 4-7. The amounts of silicon have been obtained through the use 
of the Si 2s peak.
Table 4-7: Binding energy of the different Si 2p peaks
Specimen Si 2p binding energy (eV) Si At%
Clean Steel 102.6 0.4
Initial powder 102.4 0.1
APS (thick layer) 102.6 12
The binding energies around 102.5 eV are consistent with polydimethyl-siloxane 
(PDMS), the comparison can be done using the NIST database [87]. A silicone is an 
inorganic polymer consisting of a silicon oxygen backbone Si-O-Si-O- with side 
groups attached to the silicon atoms (Figure 4-18). PDMS is a type of linear silicone 
and a common contaminant.
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Figure 4-18: PDMS general formula
The difficulty is that the silicon atoms present in PDMS and in the polymerised 
thick layer of APS are surrounded by similar environment made of carbon and 
oxygen, which explains the close binding energies. In addition, the amounts found on 
the clean steel and in the polymer powder are low. To help to clarify the nature of the 
silicon, ToF-SIMS analysis will be also carried out on the powder stocks.
When iron is present as a major component vis-a-vis silicon, then the silicon 2p 
peak is situated on the sloping side of the iron 3 s peak and measurement both of its 
area and its energetic position is difficult (Figure 4-15 c). To avoid the errors which 
might result of the use of the Si 2p peak on the steel specimens, the Si 2s peak will be 
recorded and routine quantification will be performed with this peak.
4.5 Summary
The different materials employed in this study have been analysed. The steel 
surface shows a typical layer stratification at its surface: there is presence of oxide, 
adventitious carbon and water. This layer stratification is driven by the reduction of 
the surface free energy of the steel.
The initial materials, steel and powder stock, present a low amount of silicon. The 
XPS data collected are compatible with the hypothesis of a PDMS like contamination 
due to the industrial conditions in which the materials are handled. These first XPS 
experiments are the starting point for further investigations, the nature of the silicon 
will also be discussed for the samples prepared with these base materials.
The production of the samples is presented in the next chapter.
Chapter 5 
Durability of Modified Coatings and Aspects of the 
Interfacial Chemistry of the Delamination Process
5.1 Introduction
This chapter presents a study related to the durability of the new coatings produced with the 
addition of APS. They have been evaluated with standard salt spray tests. Salt spray cabinets 
create an aggressive environment and thus accelerate the ageing of the samples. Delaminated 
samples produced in the salt spray cabinet are also useful from a surface analysis point of view 
because they exhibit two failure surfaces, i.e. the delaminated coating and the exposed steel. 
These mirror surfaces can give complementary information and both the coating failure surfaces 
and the steel failure surfaces have been analysed in order to understand the mechanism of 
delamination of the coating and the corrosion process. A combination of techniques, including 
XPS and AES has been employed for these investigations.
5.2 Evaluation of the coatings durability
5.2.1 Salt spray tests
To compare the adhesion and durability of the different coatings, the samples have been 
subjected to the environment of a salt spray cabinet. Specimens are exposed to warm, humid and 
salty atmosphere, which allows one to obtain information rapidly about how the different 
coatings delaminate, their wet adhesion to the steel and their tendency to blister. The different 
tests that have been carried out are reviewed below.
5.2.1.1 Extent o f the delamination
The extent of delamination was assessed by the standard procedure used in the coating 
industry, which means that it will be possible to compare the results obtained in this study with 
standard values. Samples have been scribed through the coating with a scalpel, until the metal 
substrate was exposed and then aged in a sodium chloride 5% salt spray cabinet at 35 °C for 250 
hours (Figure 5-1).
- 84 -
Durability o f the Modified Coatings and Aspects o f the Inter facial Chemistry
* Vf
a)
Figure 5-1: Salt spray testing 
a) Salt spray cabinet: condensation and salt can be observed through the transparent
lid.
b) A sample diagonally scribed through the coating and subsequently aged: the coating 
has started to delaminate along the scribe.
After a defined time, in this study 250 hours, the samples are withdrawn from the cabinet, the 
coating is lifted with a spatula. The size of the delaminated area relative to the initial scribe line 
is measured eight times per sample. The average value in millimetres is used as a measure o f the 
extent o f the delamination (Figure 5-2). After 250 hours, the delamination on a good quality 
coating should be very limited, a couple o f millimetres at most.
This test provides a measure o f the propagation o f the delamination under the coating, when 
the metal is exposed to an aggressive environment, it allows one to rank the coatings depending 
of their ability to reduce the corrosion of the metal substrate at a large defect, where the metal is 
exposed.
Figure 5-2: Measurement of the extent of delamination
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5.2.1.2 Adhesion strength
This test, used in industry, allows a qualitative comparison o f different coatings. With a 
chisel, three sides o f a rectangle 10 by 30 mm are scribed in the coating. The tool is introduced at 
the extremity and the coating is lifted up, the resistance to peeling is then estimated. The process 
is illustrated in Figure 5-3. The strength of the adhesion is ranked on a scale from 0 to 4. After 
250 hours, a good quality coating should be marked above 3 on this scale.
0: No adhesion
1: The coating is easily peeled off.
2: The coating is easily peeled off but there are some strongly adherent spots.
3: The coating peeled irregularly; at least half of the surface is strongly attached to the 
substrate.
4: Good adhesion, no peeling.
Figure 5-3: Test to rank the adhesion strength: Schematic of the test (a) and photograph
of a sample after testing (b)
The test is carried out on an intact coating. Adhesion strength can be measured on a freshly 
prepared coating or after exposure to the environment of a salt spray cabinet, but the coating in 
both cases is left intact until the test is performed. This test is meant to evaluate the influence o f 
the aggressive humid environment on the adhesion of the coating. The same adhesion 
measurement can be obtained after a defined drying time, e.g. two hours or twenty-four hours. 
The “dried” adhesion usually shows partial recovery. In the work presented in this thesis, the test 
is performed two hours after the sample has been taken out of the salt spray cabinet.
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5.2.1.3 Blistering
Blistering is evaluated by comparing with reference data, displayed as images, an example is 
given in Figure 5-4. A scale from 2 to 8 is defined to evaluate the size of the blisters, 2 for big 
blisters and 8 for small ones. 10 is the value given for absence of blistering. Their aerie density is 
also reported. After 250 hours, a good coating should have no blisters or a limited quantity of 
small blisters.
Blisters size 4
Figure 5-4: Blistering scale from the American National Standards Institute, 
reproduced at 50% of its normal size [88J
5.2.2 Durability results
Blisters size 2
The samples are made of steel coated by the polyamide powder coating. Different powder 
coatings have been prepared, one unmodified used as a blank and coatings containing 0, 0.3, 0.6, 
0.9 and 1.2 wt% APS. More details have been given in 4.3.2.
For the first set of samples, grit blasted steel has been used as substrate and the APS 
concentrations 0.3% and 0.6% were tested.
For the second set o f samples, two substrate topographies have been compared, grit blasted 
steel and cold rolled steel, i.e. as received sheets. The use of a smoother substrate has been 
chosen to facilitate ToF-SIMS experiments. From the second set onwards, a new methodology 
for cleaning the substrates has been adopted. The steel was grit blasted in the few hours before 
coating application and the trichloroethylene degreasing was done a couple o f hours before 
coating application. New grit medium was employed instead o f the recycled one, which can
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bring impurities on the surface. The range of APS concentrations tested has been extended up to 
1.2% APS.
In the third set, more samples were produced to provide results, which were statistically more 
meaningful.
Adhesion tests have been carried out on the samples directly after they have been produced 
and after 250 hours exposure to a salt spray. The delamination was evaluated after 250 hours 
accelerated ageing in the salt spray cabinet. The Table 5-1 summarizes the number of samples 
used for each test, adhesion and delamination, the concentration and the topographies tested.
Table 5-1: Summary of the samples produced.
APS
concentration
Substrate
topography* Time
Number of samples
Adhesion test Delamination test
Set 1 
(9 samples) 0 to 0.6 wt% GB 250 h 1 2
Set 2 
(40 samples) Oto 1.2 wt%
GB 0 1 -
250 h 1 2
CR 0 1
-
250 h 1 2
Set 3 
(25 samples) Oto 1.2 wt% CR 250 h 1 4
* Grit blasted (GB) or cold rolled (CR) steel substrate
5.2.3 Results of the salt spray tests
The results of these tests are grouped and presented as followed:
■ Samples prepared on grit blasted steel aged in a salt spray cabinet for 250 hours
■ Samples prepared on cold rolled steel aged for 250 hours
■ Samples aged for 500 and 1000 hours, prepared on cold rolled and grit blasted 
steel
5.2.3.1 Grit blasted steel, Sets 1 and 2
On grit blasted steel, the adhesion test shows good results (Table 5-2). After the application 
of the coating, the dry adhesion is around 3.5 for the non-modified coating and 4 for the APS 
modified coatings. After 250 hours in the salt spray cabinet, the adhesion strength stays
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unchanged. Blistering is low in term of density and size of the blisters for all samples. 
Consequently the qualitative estimation of the adhesion strength and the observation of the 
blistering of the coatings do not give information on a possible enhancement due to APS, as all 
the coatings obtained good results after 250 hours.
Table 5-2: Adhesion test and blistering, Set 2, the substrates were grit blasted steel. 
Data at To originate from new coating, not exposed to salt spray.
Grit blasted steel
Adhesion test Blisters
To 250 hours 250 hours
No APS 3.5 3.5 4 F
0.3% APS 4 4 4 F
0.6% APS 4 4 4 F
0.9% APS 4 4 4 F
1.2% APS 4 4 4 F
However, the measurements of the extent of delamination show differences between the 
coatings (Figure 5-5). There are two sets of samples, which have been produced on grit blasted 
steel. Delamination tests have been performed on both sets after 250 hours of salt spray exposure 
and the results are significantly different between the two sets.
For the first set of coatings, the extent of delamination decreased from 17.6 (no APS) to 9.6 
and 6.6 mm with addition of 0 and 0.6% APS. That is a reduction of the extent of delamination 
of 55 and 63 % depending on the silane concentration.
The extent of delamination for Set 1 did not show that the performance had reached a 
maximum, so that for the second set of samples, higher concentrations of APS have been tested. 
The grit blasted process has been refined, so that the steel surface prior to coating application 
should be cleaner. The use of a recycled grit medium has been avoided to limit contamination 
and new cleaning standards have been adopted. Following these modifications, results have 
changed radically. Coating durability is improved, as the delamination after 250h is really 
limited whatever the concentration of APS in the coating.
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APS concentration %
Figure 5-5: Extents of delamination plotted against APS concentration in the coating. 
The delamination test has been carried out for 250 hours; the substrates were grit blasted
steel.
5.2.3.2 Cold rolled steel, Sets 2 and 3
As reported in Table 5-3, the initial adhesion strength is 3-3.5 on the non-modified coating 
and 3.5 to 4 with the modified coatings. The maximum value of the scale being 4, thus both 
show relatively good adhesion, the coating is strongly attached to the substrate. After 250 hours 
of exposure to salt spray, the adhesion decreases to 2.5 for the initial coating and 3 to 3.5 for the 
APS containing coatings, i.e. the APS modified coatings show better adhesion.
The blistering is more significant in size and density on the smooth surface, but not 
influenced by the APS concentrations used.
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Table 5-3: Adhesion test and blistering, Set 2, the substrates were cold rolled steel. Data
at To originate from new coating.
Cold Rolled steel
Adhesion test Blisters
To 250 hours 250 hours
No APS 3-3,5 2.5 2 MD
0.3% APS 3.5 3-3,5 2 MD
0.6% APS 3,5-4 3 2MD
0.9% APS 3,5-4 3.5 2 MD
1.2% APS 3.5 3.5 2 MD
On cold rolled steel, the size of the delaminated zone is reduced by up to 50% depending on 
treatments (Figure 5-6). The smaller extent of delamination obtained is 7 mm for the 1.2% APS 
coating. The topography influences the test: smooth surfaces delaminate more easily. The 
pictures of a representative set of samples are presented in Figure 5-7.
E* 35 - 
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Figure 5-6: Extents of delamination plotted against APS concentration in the coating. 
The delamination test has been carried out for 250 hours; the substrates were cold rolled
steel.
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Set 3
(a) Unmodified sample
(b) Sample 0.3% APS
(c) Sample 0.6% APS
(d) Sample 0.9% APS
(e) Sample 1.2% APS
Figure 5-7: Photographs of samples after salt spray tests. The width of the panels is 10
cm
5.2.3.3 Delamination tests at 500 and 1000 hours
Delamination tests for 250 hours have been carried out with up to seven different samples per 
APS concentration produced as two discrete sets. Only one specimen per APS concentration has 
been aged up to 500 and 1000 hours, so that they are not as statistically representative of the 
systems as the tests carried out for 250 hours. The results are presented in Figure 5-8.
Despite the enhancement of the durability o f the coating, the systems are still to be optimised, 
the results obtained at 1000 hours are not reaching the standards expected in the coating industry 
(a few mm maximum).
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Figure 5-8: Extents of delamination in mm plotted against APS concentration: tests
performed for 500 and 1000 hours:
(a) Grit blasted steel
(b) Cold rolled steel
5.23*4 Comparison o f the two topographies o f the steel substrate
Two substrates have been used to produce samples: grit blasted and cold rolled steel. To 
compare the results from the salt spray tests, it is useful to have information about the 
topographies of the substrates. Topography can be measured by three different means, with an 
interferometer, with a profilometer or by AFM. In this work, interferometry was employed. A 
light beam emitted by a source is divided in two half beams (1 and 2), one half will be reflected 
on a plane surface, the other half beam on the sample surface (Figure 5-9). The difference of 
paths between the two half beams is measured. The intensity measured varies as a function of the 
path difference. A vertical displacement (dz) will create successive interferences, allowing the 
determination of surface topography.
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Figure 5-9: Determination of a topography by interferometry
In this study, the surface topographies were characterised on an optical measuring instrument 
working with a white light interferometry (COTEC, Thonnon-Les-Bains, France). The roughness 
average (Ra) values o f the substrates are 1.35 pm on the cold rolled steel and 7.88 pm on the grit 
blasted one. The 3D images o f the surfaces are presented in Figure 5-10. The interfacial path 
lengths on cold rolled steel and grit blasted steel are respectively 2.5 and 8 times more developed 
compared to the apparent length along the surface.
15.2 pm
2.97 mm 2.97 mm
2.97 mm
126 pm
2.97 mm
Figure 5-10: Topography of the steel substrate: Cold rolled (a) and grit blasted steel (b)
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The knowledge of the topography allows one to calculate a delamination rate based on the 
real interfacial length rather than the apparent length along the surface. This work has been done 
by Watts and Castle for an epoxy powder coating applied to steel [14]. They showed that the 
beneficial effect of the grit blasting on their system was due to the increase of surface area. 
Different topographies may equal different extents of delamination but the same delamination 
rate. It was the case with the epoxy coating, the rate of delamination was found similar, around 5 
nm.s'\ for different surface treatments.
These delamination rates based on the interfacial lengths are reported for Sets 2 and 3 in 
Table 5-4. The coatings without APS have the highest delamination rates for all sets and 
substrates. With addition of APS, the delamination rates decrease to about 25 nm.s_1 on cold 
rolled steel and about 13 nm.s_1on grit blasted steel. The higher APS concentration gives the best 
results on cold rolled steel. On grit blasted steel, the lowest delamination rate is reached at 0.3% 
APS, however because overall the delamination is limited, longer tests could be carried out to 
verify this result. The delamination rate based on the interfacial length is better on grit blasted 
steel, this means that the delamination kinetics are potentially not controlled solely by the 
interfacial length but that there is some positive influence of the topography, which is more than 
just the added surface.
Table 5-4: Delamination rate calculated with the real interfacial length
Delamination rate (nm.s1) No APS 0.3% APS 0.6% APS 0.9% APS 1.2% APS
Cold rolled steel, Set 2 81 49 38 32 26
Cold rolled steel, Set 3 47 38 41 25 24
Grit blasted steel, Set 2 22 6 9 13 13
5.2.4 Summary
These experiments demonstrate the importance of the cleanliness of the steel. The differences 
observed, specially on grit blasted steel between Set 1 and Set 2 show the benefit of a careful 
cleaning process.
Roughness can be beneficial if the coating applied on top of the substrate is viscous enough 
to anchor on the surface. But it can be sometimes detrimental by creating localized stresses in the 
coating. In the present case, the grit blasting treatment brings an enhancement of the adhesion of 
the coating. The disbondment rate related to the real path length decreases with the grit blasted
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treatment.
As reported in the paragraph 2.4.2, adhesion can be a result o f a variety of mechanisms. 
Adhesion solely due to chemical bonds would be constant related to the path length. In the 
present case, the adhesion on the grit blasted steel is enhanced, some mechanical interlocking o f 
the polymer on the substrate must take place.
On the cold rolled steel, the delamination observed at 250 hours is still too large for industry 
standards. At 250 hours, the delamination should be very limited, a couple o f millimetres at most 
and the salt spray tests are frequently conducted for up to 1000 hours.
The incorporation o f a silane brings about better durability. APS has a beneficial effect on 
reducing the extent of delamination observed after exposure to a salt spray and the strength o f 
adhesion. The enhancement of the coating is seen for all coatings that incorporate the 
aminosilane.
Following the delamination test, specimens are prepared for surface analysis. Coupons are 
cut from the regions o f interest to dimensions suitable for the introduction in instruments: these 
dimensions range from one to a few square centimetres (Figure 5-11). Due to the thickness of the 
steel, an electrically powered guillotine is employed for this sectioning. To limit any 
contamination like grease during the operation, samples are wrapped in aluminium foil 
beforehand.
1 cm
Figure 5-11: A typical sample ready for analysis after being cut by the guillotine
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5.3 Delamination mechanism
The development of surface analysis techniques has brought about major changes in the way 
the investigations of the adhesion of coatings are carried out. With XPS, quantitative information 
can be extracted from the mirror image fracture surfaces, substrate and coating, after 
delamination of the coating. The success of XPS in the investigation of the fractures surfaces has 
played a leading role in the adoption of surfaces analysis in the adhesion community. This has 
allowed to differentiate more clearly between two types of failures: interfacial or cohesive. In 
this section, such an investigation is presented. The samples are treated in two groups: coatings 
applied on grit blasted steel and coatings applied on cold rolled steel.
5.3.1 Grit blasted steel
Samples from Sets 1 and 2 were produced from grit blasted steel. The improvement of the 
experimental conditions leads to limited delamination for Set 2 but the delaminated samples 
from Set 1 were examined by XPS.
After the salt spray test, the XPS spectrum from the steel side of the unmodified system 
exhibits a clean surface, typical of an interfacial delamination (Figure 5-12). This is seen from 
the survey spectrum as the Fe 2p iron peaks are intense and sharp and the C Is carbon peak is 
weak. The surface compositions of the exposed steel are presented in Table 5-5. A surprising 
feature is the low amount of carbon found at the surface. The steel after exposure to the salt 
spray exhibits less carbon on its surface than the initial steel cleaned (as presented in 4.2). The 
thin hydrocarbon contamination layer can actually be adsorbed into the polymer, such an effect 
has already been reported [89].
For the systems 0.3 % and 0.6% APS, i.e. the steel coated by the modified coatings, results 
are different. Spectra exhibit attenuated iron peaks, the intensity of the C Is peak increases, 
nitrogen and phosphorus are readily observed. These latter elements are characteristic of the 
coating, which means that a thin layer of the coating remains on steel substrates following failure 
in the salt spray test. APS addition in the powder formulation leads to a displacement of the 
locus of the failure into the organic coating.
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Table 5-5: Surface compositions of the steel failure surfaces (at%), Set 1
Steel
Composition (at%) No APS 0.3% APS 0.6% APS
C 28.9 29.6 37.4
O 51.9 47.7 42.7
Fe 9.5 4.3 3.9
N 0.9 2.8 3.3
Si 0.8 2 4.1
P 0.9 1.9 1.8
Na 7.1 11.8 6.7
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Si 2s
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Figure 5-12: XPS survey spectra from the exposed steel substrates (Set 1) 
a) Steel previously covered with an unmodified coating 
b) Steel previously covered with a 0.6% APS modified coating
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The surface compositions of the delaminated coatings obtained by XPS are presented in 
Table 5-6. The coating surfaces show features in agreement with the mirror image steel surfaces. 
The unmodified coating presents more iron and less silicon at the surface. The quantity of silicon 
at the 0.6% coating surface is due to the introduction of APS. When no APS is introduced in the 
coating, the locus of the failure is at the interface and thus iron is more easily observed on the 
coating side.
Table 5-6: Surface compositions of the delaminated coatings (at%), Set 1
Composition (at%)
Coating
No APS 0.3% 0.6%
C 69.1 62.8 58.1
0 21.3 24.5 28.9
Fe 1.4 1.4 0.8
N 3.6 4.2 3.4
Si 0.8 0.8 2.2
P 0.5 0.7 0.9
Na 2.8 4.7 4.8
Mg 0.2 0.4 0.5
Ca 0.4 0.5 0.3
5.3.2 Cold rolled steel
Samples from Sets 2 and 3 were created from cold rolled steel. The surface compositions of 
the exposed steel for Set 3 are presented in Table 5-7. The cold rolled steel surfaces compared to 
the grit blasted ones have retained less carbon and nitrogen on their surfaces (Table 5-5). That is 
in agreement with the hypothesis that there is some mechanical anchor of the coatings on the grit 
blasted surfaces. The introduction of APS leads to more carbon, nitrogen, silicon or phosphorus 
observed at the surface.
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Table 5-7: Surface composition at the steel failure surfaces (at%), Set 3
Composition (at%)
Steel
No APS 0.3% 0.6% 0.9% 1.2%
C 21.4 32.1 29.2 32 43
O 63.5 43.5 45.8 44 37.2
Fe 10 4 4.5 5 3.4
N ■ 0.7 1.1 2.2 3.5 3.3
Si 0.5 1.2 2.1 3.2 3.4
Na 2 14.5 10.9 7 5.9
Cl 0.5 0.4 0.3 2 0.5
Ca 0.6 1 0.4 0.8 0.5
Mg 0.6 0.5 2.6 2.2 0.8
P 0.2 1.7 1.4 1.9 1.9
Mn 0 0 0.5 0.1 0
The steel surface compositions reported above are average values obtained from ten points 
analyses at 500 pm X-ray spot size. When APS is used, less iron and more carbon are visible on 
the steel surface. The presence of APS leads to a significant amount of silicon and an increased 
quantity of nitrogen found on the steel surface. The “nitrogen to silicon” ratios on steel have 
been calculated for all the systems and are presented in Table 5-8. The ratios are always close to 
one. The APS molecule contains one nitrogen and one silicon atom and the polyamide contains 
only nitrogen, no silicon. The values of these ratios close to unity show that the organic material 
remaining on the steel substrate is mainly APS.
Table 5-8: Nitrogen to silicon ratios on the steel substrate
Composition (at%) Steel
No APS 0.3% 0.6% 0.9% 1.2%
N /S i 1.4 0.9 1.0 1.1 1.0
The surface compositions of the delaminated coatings have been obtained by XPS, the 
quantifications are presented in Table 5-9, they are average values originating from three discrete 
500 pm spot analyses.
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Table 5-9: Surface composition at the coating failure surfaces (at%), Set 3
Composition (at%)
Coating
No APS 0.3% 0.6% 0.9% 1.2%
C 53.5 52 60 52 58
0 35 31 25 31 28
Fe 3.7 3.5 0.7 1.3 1.3
N 1.9 3.9 4.6 4.8 4.8
Si 0.4 0.7 1 2.9 1.2
Na 2.6 7.1 5.9 6.4 5.6
Cl 0.3 0.25 0.1 0 0
Ca 0.2 0.25 0.3 0.3 0.3
Mg 0.3 0.8 1 0 0.07
P 0.3 0.4 0.6 1.1 0.6
Mn 0 0.05 0.2 0 0
The iron concentration on the coating is higher for the non-modified coating, as the failure is 
predominantly interfacial. The presence of APS can be deduced based on the intensity of the 
silicon. The sodium concentration found on both steel and coating mirror image fracture surfaces 
is more important when APS is introduced. The excess of sodium is a diagnostic of the cathodic 
activity: sodium acts as counter ion for the hydroxyl ions produced in the cathodic areas. The 
higher quantities of sodium observed at the failure surfaces, when APS is employed, are markers 
of the higher pH existing at the interface during the corrosion phenomenon. When APS acts as a 
coupling agent, the interface between the coating and the steel is stronger than when APS is not 
added in the coating formulation. Consequently, the pH required to break the bonds is higher.
5.3.3 Nature of the silicon
The nature of the silicon present at the surface has been investigated. When the XPS 
experiments are carried out on the exposed steel, a peak appears between 101.7 and 101.9 eV. 
The Figure 5-13 shows CasaXPS peak fitting of this area of the spectrum.
Other materials have been studied, as reported in the Chapter 4.4. All the positions of the 
different Si 2p and 2s peaks (relatively to C Is at 285 eV) are summarized in Table 5-10. The 
concentrations of silicon reported have been obtained through the use of the Si 2s peak area.
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Table 5-10: Binding energy of the different Si 2p peaks
Specimen Si 2p binding energy (eV)
Si 2s binding energy 
(eV)
Si concentration
(at%)
Clean Steel 102.6 153.6 0.4
Steel No APS 101.7 152.8 1
Steel 0.9% APS 101.9 153.0 2
Rilsan powder 102.4 153.5 0.1
APS (thick layer) 102.6 153.8 12
Values obtained for Si 2p and 2s peaks on the coated steel exposed after salt spray testing are 
significantly different. The binding energies close to 102.5 eV for the clean steel and the polymer 
powder have been attributed to PDMS or a similar silicone contamination.
Fe 3 s, oxide
2s
Fe Satellite
s
Si 2p
no 100 90 100 90 80
Si 2p
Mg
8090100
Binding energy Binding energy Binding energy
Figure 5-13: High-resolution window around the lOOeV binding energy
(a) Clean steel 
(b) Steel exposed after salt spray test, no APS 
(c) Steel exposed after salt spray test, 0.6% APS
In order to explain the lower values for Si 2p found on the steel and to differentiate further 
the silicon species, a complementary study of the Auger parameters (AP) of the silicon has been 
carried out.
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The Auger parameter is defined as the difference in kinetic energies o f prominent and 
conveniently situated Auger and photoelectron peaks from the same elements recorded in the 
same spectrum:
a  = Ek (Auger) - Ek (photoelectron) <5.1 >
The shifts o f Auger peaks with the chemical states are larger than for the photoelectron peaks 
as Auger emission is a three electrons process, thus allowing one to differentiate chemical states 
which may not be recognisable otherwise.
Charge corrections are made unnecessary because they cancel during the estimation of the 
AP. It is the difference between two peaks, which is measured, not the position o f a single peak. 
So it allows one to overcome any charging problem and a resulting mistake in peak position for 
insulator samples.
Moretti has written a review on the development of this technique [90], To summarize, 
Wagner establishes the analytical utility o f Auger lines in XPS, and Castle and West have 
demonstrated the possibility o f obtaining Auger parameters on a conventional XPS source by use 
o f the Bremsstrahlung radiation [91]. The Bremsstrahlung radiation in a non-monochromated X- 
ray gun is not filtered so that some X-rays with energy higher than the main X-ray line strike the 
sample surface. For example, a weak Si K L L  Auger electron peak with a kinetic energy around 
1614 eV can be detected, in the negative range of the spectrum if this one is plotted on a binding 
energy scale (Figure 5-14).
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Figure 5-14: Si KLL peaks observed with a XPS non-monochromated instrument:
(a) Steel failure surface, no APS 
(b) Steel failure surface, 0.9% APS
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In the literature, for silicon, two kinds of AP, calculated either with the Si 2p photoelectron 
peak or with the Si 2s peak when iron is present in the specimens studied. As it has been 
demonstrated above, the proximity of the Fe 3 s and Si 2p peaks makes the exact determination of 
the Si 2p peak position difficult. In this study, both parameters have been calculated and are 
reported in Table 5-11.
Table 5-11: Auger parameters calculated with Si 2p and Si 2s photoelectron peaks
Specimen AP (2 P) (eV) AP (2s) (eV) Si concentration (at%)
Clean Steel 1712.3 1763.3 0.4
Steel, no APS 1712.7 1763.7 1
Steel, 0.9% 1712.6 1763.6 2
Rilsan powder 1712.2 1763.3 0.1
APS (thick layer) 1712.2 1763.3 12
The same two groups of silicons, as in Table 5-10, can be differentiated in these results. 
There are high and low AP, separated by about 0.3 eV. The steel exposed to the coating 
application and ageing procedure in the salt spray cabinets exhibits a silicon from a different 
nature to the clean steel.
References for different silicon environments can be found in the literature. Wagner 
determined AP of 1711.8 eV for PDMS, and around 1712.5 eV for several silicates [92], Riviere 
and Crossley working with a modified AP calculated with Si 2s, obtained values of 1764.1 and
1763.3 eV for an iron silicon oxide and an iron/magnesium silicon oxide respectively [93], All 
these data can be plotted in one graph, known as a Wagner plot as shown in Figure 5-15. A 
Wagner plot is used to identify the different environments of an element easily. Binding energies 
o f photoelectrons peaks are plotted against the kinetic energies o f Auger peaks. Charging 
appears as a translation o f the spots from right to left, but the information on the chemical 
environment is read on the diagonal.
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Figure 5-15: Wagner plot constructed with silicon references data
None of the value obtained corresponds to the 1711.8 eV AP obtained by Wagner for the 
PDMS, however, the initial products, clean steel and unmodified powder present the closest AP 
(Figure 5-16). But the AP found on the steel specimens after coating delamination have AP 
values in the range proposed for silicates. The heat treatment during the coating process is 
relatively mild, the polymer is melted around 200°C for 10 minutes. It is unlikely to produce 
segregation in the metal. However it is probably enough to allow movement o f any PDMS 
present in the PA matrix and to degrade the PDMS, whose temperature degradation is around 
200°C, depending of the molecular weight. Consequently, this would lead to a change in the 
silicon Si 2p binding energy.
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Figure 5-16: Wagner plot constructed wit the data obtained in the present work
The difficulty in establishing the nature of the silicon is partially due to the low amount o f 
material to be characterised. Except for the thick layer of APS, the silicon is a very minor 
component.
However, from these data, different hypotheses for the origins of the silicon can be proposed. 
The origins of the silicons observed are:
■ The aminosilane APS, which has been introduced in the modified coatings
■ PDMS or a silicon like contamination, specially in the case o f the polymer powder
manufactured commercially
■ A degradation product of the silicon contamination
Schematics of these different environments for the silicon atoms are presented in Figure 5-17. 
The binding energy o f the silicon peaks or the AP will depend of the environment of the silicon 
atom. In both environments, silicon is bonded to oxygen. In PDMS, the silicon to oxygen ratio is 
one. In the APS molecule, the silicon to oxygen ratio is above one. However, the environments 
of the silicon might be too similar to be differentiated by XPS, even through the use o f the AP. 
On the clean steel and the initial powder stock, the low amounts of silicon observed are likely to 
be PDMS or a silicone like contamination.
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Figure 5-17: Different environments for the silicon atom
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5.3.4 Discussion
The mechanisms of adhesion have common features either on grit blasted steel or on cold 
rolled steel. Initially, the locus of failure is interfacial, with a particularly low amount of carbon 
remaining on the exposed steel after fracture. After the introduction of APS, the failure becomes 
more cohesive. This usually means a better adhesion and this is in good agreement with the tests 
carried out in the salt spray cabinets, which show an enhancement of the coating with the 
introduction of APS.
The quantity of organic materials remaining on the exposed steel after the salt spay test 
depends of the substrate. The rougher substrate shows more material deposited on top of the 
steel. Some mechanical interlocking can occur between the polymer and the substrate. This 
hypothesis is strengthened by the calculated rate of delamination related to the real path length: 
25 nm.s'1 on a smooth surface and about 13 nm.s’1 on the grit blasted one.
The nature of the silicon is open to debate. Traces of silicon are found in the initial polymer 
powder or on the cleaned steel. The binding energies of these silicons are compatible with the 
hypothesis of a silicone contamination, for example the commonly observed PDMS.
The increase of the silicon concentrations either on the steel or on the delaminated coatings 
establishes the presence of APS. However, the binding energies of the photoelectron peaks or the 
Auger parameter are not enough to differentiate between all the different kinds of silicons. 
Further ToF-SIMS experiments will help to distinguish the contribution of APS.
More carbon, nitrogen, phosphorus are observed on the exposed steel when APS has been 
employed. This means that coating residues remain on the steel. However, the ratio nitrogen to
c h3 c h3 c h3
—P s i—O— Si—O— Si—}Li i i J n
c h3 c h3
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silicon found on the exposed steel (Set 3) is always close to one. That is the ratio found in pure 
APS. A thick layer of PA 11, the base polymer of the coating would have increased drastically 
the amount of nitrogen found in the surface composition. This will be a concern for further 
investigations.
5.4 The corrosion mechanism during salt spray test
Organic coatings are permeable to water and ions. Thus under an organic paint film, species 
necessary for the corrosion process are present. The corrosion under a coating is not a uniform 
phenomenon. There are localized areas, which are attacked first, due to stresses in the coating or 
even a crack or the presence of an inclusion in the substrate. Delamination occurs in the 
surrounding, the corrosion spreads. Auger electron spectroscopy (AES) offers the high spatial 
resolution required to study these localised surface phenomena. The depth of resolution is in the 
order of 5 nanometres and the lateral resolution of the order of 15 nanometres in current state of 
the art systems. However, AES is limited to conducting samples. The technique is combined 
with XPS, which allows a straightforward quantification of the surface composition on both 
sides of the failed interface. In the following section, the research carried out on the mechanism 
of corrosion is reviewed.
5.4.1 Cathodic delamination
Cathodic delamination is a common mode of failure for organic coatings applied on metal. It 
occurs when a coated metal surface is polarized and it may be due to an externally applied 
potential as in the case of cathodically protected structures or to the development of discrete 
anodic and cathodic sites on the metal surfaces. The polyamide coating applied on steel has been 
subjected to a delamination test in a salt spray cabinet, after being scribed through the coating 
towards the metal to initiate the corrosion. This scribe favours the initiation of the cathodic 
delamination: at the scribe mark, where the steel substrate is exposed, an anodic reaction can 
occur, marked by rusting of the substrate and general staining of the specimen. To balance this 
reaction, under the film, there will be cathodic reduction of water and oxygen and the pH will 
rise due to the presence of the hydroxyl ions produced. Details have been given in Chapter 2.
These geographically separated anodic and cathodic reactions are made possible by the 
transport of electrons and ions to balance the charges. Cathodic areas stay bright whereas the 
apparition of a voluminous iron oxide easily identifies anodic ones. Deposition of ions as a result
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of a current flux arises by virtue o f the concentration gradient established at the surface. The 
electrical charges on the surface of these cathodic and anodic areas mean these surfaces attract 
different ions. Material will be deposited as long as the solubility product o f a sparingly soluble 
species is exceeded.
Cathodic delamination is likely to occur in the present conditions, i.e. organic coating on 
steel, humid and salty environment, presence of an initial scribe through the coating. AES and 
XPS have been employed to control if  these characteristic features of the cathodic delamination 
are observed. XPS line scans have been carried out on distances of a couple o f centimetres and 
have allowed an overview of the evolution of the surface composition as a function of the 
distance to the scribe. AES data have provided information on a nanometre scale.
5.4.2 Unmodified system
The unmodified system has been studied first. XPS line scans have been conducted on the 
exposed steel from the scribe to the intact coating remaining on the steel (Figure 5-18).
XPS line scan 
Scribe and rusty area
Figure 5-18: Direction of the line scan XPS on steel: from the scribe to the intact coating
Cathodic delamination would result in specific ions deposited on the steel surface. Figure 
5-19 plots the atomic concentration of iron, sodium and calcium versus the distance to the scribe. 
Between the defect and the intact coating, a distance of about two centimetres, there are two 
areas o f approximately equal dimension. The anodic one is near the defect, characterised by rust. 
The calcium has been leached out from the mineral fillers and deposited in zones o f cathodic 
activity and thus acts as a map of the extent o f the localised cathode.
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Figure 5-19: Steel surface composition by XPS, from the scribe to the intact coating
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Castle made use of the high spatial resolution of AES to identify the anodic and cathodic 
regions of micro-corrosion cell on a metal matrix composites material [58], The material was 
exposed to MgCl2 solution and the precipitation of magnesium hydroxide used to located the 
cathodic regions.
Similarly, the precipitation of sodium hydroxide combined with the use of AES offer 
information in agreement with the XPS line scan but at a smaller scale. Anodic and cathodic 
zones are readily observed (Figure 5-20 and Figure 5-21 a, b). On maps, the sodium patches are 
complementary to the high iron concentration zone, which is the anodic zone recognised as the 
undulated area in the SEM image.
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Figure 5-20: SEM and AES maps obtained on the exposed steel (unmodified system)
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Figure 5-21: Auger spectrum obtained on the exposed steel
a) Anodic area
b) Cathodic area
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The low level o f carbon in the AES spectrum (Figure 5-21 a) from the anodic region is 
consistent with a high volume corrosion product.
A second analysis has been undertaken by AES on a set on localized spots identified by their 
distance to the scratch. The location o f these spots is presented in Figure 5-22 a), the image has 
been reconstructed from several SEM images. The focus has been on the first 500 pm near the 
scribe. The ratio sodium on chloride ions has been plotted in Figure 5-22 b).
b)
o
"*5
100.0 200.0 300.0 400.0
distance to the scratch (um)
500.0
Figure 5-22: AES data obtained on the exposed steel, close to the scribe line. The sample
was an unmodified system, i.e. no APS. 
a) The AES analysis spots are localised on SEM images 
b) Ratio “sodium peak intensity to chloride peak intensity” plotted against the distance
to the scribe
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Quantification by AES is complex, mainly because of the matrix effect, as explained in 
Section 3.2.2. In this case, the results presented are all originating from the same sample, the 
spots being chosen are in an area less than 500 pm large, so the variation of the ratio of the two 
elements can be safely considered as significant. However, a ratio sodium to chloride peaks 
intensities equals at one does not mean that the amount of sodium equals the amount of chloride 
ions.
The AES data show that close to the scribe there are chloride ions: the scribe is an anodic 
area at the beginning of the process. Further from the scribe, the high excess of sodium means 
that the steel surface was charged negatively, there was a cathodic area.
Because the cathodic delamination is a dynamic process, these two zones of activity as 
detected by AES are later part of a wider anodic area. The XPS line scan on the whole length of 
the exposed steel shows the situation as it is after 250 hours (Figure 5-19). AES data highlight a 
previous situation with smaller electrochemically active area present at the beginning of the 
delamination process. However, the delamination has progressed further: the front of 
delamination moves forward as the corrosion spreads.
5.4.3 System modified with APS
The system 1.2% APS modified has been studied similarly by AES. The same geographically 
separated anodic/cathodic areas have been exposed on maps and spectra as shown in Figure
5-23.
Calcium is observed on a larger area than sodium. Calcium ions are less soluble than sodium 
ions. Precipitation of Ca(OH) 2  will occur before the precipitation of NaOH. Thus sodium is 
observed on smaller areas. Moreover, the sodium can be easily resolubilized after the 
delamination in the humid atmosphere of the cabinet.
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Figure 5-23: Cathodic delamination zone studied by AES
a) Point spectrum from a cathodic zone
b) Point spectrum from an anodic zone
c) SEM image and AES maps of delaminated regions
On all the exposed steels, iron is observed. However, when an APS modified coating is 
applied, the failure o f the coating is more cohesive than with the initial coating. These were the 
conclusions drawn from the XPS data. AES point analysis are 300 nm large, this observation on 
a smaller scale allows one to discriminate between the zones of different electrochemical 
activities.
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5.4.4 Discussion
Whether or not the coating was modified, there is development of discrete anodic and 
cathodic sites on the steel substrate. These areas are marked by the anions and cations deposited 
at the surface. These ions can be detected by AES, as shown by the images and spectra presented 
in this Chapter. The phenomenon is typical of a cathodic delamination. This corrosion 
phenomenon is dynamic. There is a moving front between the exposed steel and the steel 
protected by the coating. The APS modified coating is still an organic coating permeable to ions, 
there is still transfer of electrons through the substrate, consequently the conditions for cathodic 
delamination are fulfilled independently from the fact that the adhesion has been enhanced. 
However, the delamination takes place at a slower rate with the modified systems. The enhanced 
adhesion slows down the spread of corrosion under the coating. The corrosion process is of same 
nature but with different kinetics.
5.5 Summary
Coatings have been created in industrial conditions and assessed by salt spray cabinets. The 
aggressive environment allows one to evaluate quicker their ability to withstand the effect of 
time. The tests performed in this study are widely used by the coating industry to rank their 
products.
An initial coating has been compared with coatings modified by the addition of an 
organosilane coupling agent. The aminosilane APS was added directly into the powder stock 
before the application of the powder coating. The novelty of the project comes from the 
introduction of the organosilane in a powder coating; the simplicity of this process is one of the 
main advantages of this enhancement method. The ageing tests in salt spray cabinets are carried 
out to evaluate the benefits of the introduction of APS.
After the salt spray tests, some trends can be established. The cleanliness of the steel before 
coating application is a major concern if good adhesion is to be achieved.
Roughness can be beneficial to the coating adhesion as a way to increase the surface 
available for contact on the substrate and for some level of mechanical anchor if the coating 
applied on top of the substrate is viscous enough to attach to the asperities of the surfaces. For 
this polyamide powder coating, this is the case. The extent of delamination decreases on a rough 
surface, the disbondment rate related to the actual path length decreases with the grit blasted 
treatment and the amount of organic species remaining on the steel is higher on the grit blasted
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substrate.
The introduction of APS enhances the durability of the coating, the aminosilane bringing 
about a better chemical bonding to the substrate. A combination of the right topography and the 
right APS concentration would allow one to optimise the adhesion results.
With the initial coating, the locus of failure is interfacial, with a particularly low amount of 
carbon remaining on the exposed steel after fracture. After the introduction of APS, the failure 
becomes more cohesive, more organic products are found on the exposed steels. This usually 
means a better adhesion and this is in good agreement with the tests carried out in the salt spray 
cabinets, which show a decrease in the extent of the delamination for the APS modified coating.
With or without APS introduced in the coating, the mechanism of corrosion is the same, a 
cathodic delamination, as demonstrated by AES spectra and maps. The high spatial resolution of 
AES means that the characteristic local anodic and cathodic areas are easily observed. The 
mechanism is the same but the kinetics of the corrosion phenomenon have changed. The 
introduction of the aminosilane has slowed down the process of disbondment. Its mode of action 
has to be explained in more detail. The next Chapter reports on the actual role of the APS at the 
interface between steel and coating.
Chapter 6
Role of the Aminosilane in Enhancing Coating
Durability
6.1 Introduction
APS has been added as a coupling agent in a polymer based powder coating applied on steel. 
It was introduced in the powder stock, which was then employed to create a coating through 
electrostatic application. The practical consequences of the introduction of the silane have been 
evaluated by salt spray testing and described in the previous chapter. However, the role and 
mode of action of APS has not yet been investigated. This is the aim of this chapter.
The novelty of this project is to introduce the organosilane directly into the powder stock but 
this process raises many questions. Using a silane as a primer ensures that the silane will be at 
the interface between substrate and polymer to enhance the polymer adhesion. Using the silane 
blended into a polymer powder stock means that to be an efficient adhesion enhancer, the silane 
needs to reach the interface. This point will be discussed.
At the interface, theoretically APS should form a covalent bond with the substrate to fulfil its 
role. The formation of such a bond can be compromised by the way APS has been introduced. In 
a polymer matrix, the chemical steps required for the silane to act as a coupling agent are not as 
controlled as when the silane is applied from a solution. The chemical state of the silane in the 
polymer matrix needs to be investigated.
6.2 A study of the APS steel interaction
6.2.1 Introduction
XPS analyses on complementary coating and steel failure surfaces reveal a change in the 
locus of failure. With the unmodified coating, the failure is typically interfacial, the steel surface 
presents a low amount of remaining organic coating. After the introduction of the silane in the 
coating formulation, the delamination process changes, there is an overlayer made of silane and 
coating remaining on the exposed steel.
However, as reported in 5.3.2, the ratio “nitrogen to silicon” indicates that it is mainly the
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silane, which is found on the exposed steel. This ratio is close to one for all modified systems 
tested and this is the value expected for the pure silane. The PA contains nitrogen but no silicon 
and thus its presence on the steel would have increased the value of the “nitrogen to silicon” 
ratio. To extract more information about the aminosilane and how it has interacted at the 
interface between the metal substrate and the coating, ToF-SIMS has been employed. On top of 
the information already provided by XPS, this technique can provide more specific molecular 
information.
6.2.2 ToF-SIMS experiments
6.2.2.1 Technical details
ToF-SIMS analyses were carried out on two instruments manufactured by ION-TOF GmbH, 
Germany: the analyses on Set 2 were achieved using a TOF-SIMS IV with a caesium ion source 
at 9kV. The analyses on Set 3 were achieved using a TOF.SIMS 5 system with a bismuth ion 
source at 25 kV. More details are given in 3.3.4.
For all the systems under investigation, the ToF-SIMS study has been conducted on both 
substrate and coating failure surfaces. Only the samples created with a cold rolled steel substrate 
have been investigated: the use of a flatter substrate brings about a better mass resolution than 
what could be obtained on grit blasted steel. The length of the path between sample and analyser 
affects the time of flight on which the identification of the ions masses is based.
The peak assignment has been carried out with the help of the software provided by ION- 
TOF. The mass resolution obtained was around 7000 for the main isotope of silicon at m/z = 28 
u. This high mass resolution allows a better identification of the fragments, using exact mass 
determination. The final identification of a fragment is based on its mass and the confirmation of 
the presence of the relevant isotopes.
6.2.2.2 Observations
Quantification
ToF-SIMS is not a fully quantitative technique. The complexity of the ion sputtering 
phenomenon, e.g. the effect of the matrix and the influence of the primary source employed, 
makes the determination of sensitivity factors for fragments impossible at this stage of 
development of the technique. However, to compare the presence of fragments from different
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samples in a same set, the relative peak intensity (RPI) is calculated. The RPI of a fragment may 
be obtained using its integrated area divided by the integrated area of one reference fragment or 
the total ion counts, i.e. the integrated area of all the peaks. Because the coating remaining on the 
steel does not completely mask the iron, an iron peak is still observed and it is possible to use the 
intensity of the substrate as reference, e.g. the Fe+ ion on the positive spectrum. In the same way, 
a typical polyamide peak, C4H6NO* is employed as reference when the delaminated coatings are 
under examination. On a ToF-SIMS positive spectrum, this is important to look at a peak with 
four or more carbons for PA11. Otherwise, for organic fragments with less carbons, the origin 
could be PA or APS.
The RPI is calculated as follows:
R P I  fragment — I  fragment /  I  substrate or coating < 6 . 1 >
As the experiments were performed at high mass resolution, several peaks, routinely four or 
five, can be distinguished for every mass unit. The precise peak area of the fragment of choice is 
used to obtain the RPI.
Overview of the spectra
Due to the cycle time selected, 100 ps, the mass ranges obtained extend up to masses around 
800 u. Increasing the cycle time proportionally decreases the intensity of the signal or increases 
the acquisition time, so a compromise has to be found between these different parameters.
Positive SIMS spectra from m/z = 20 u to 120 u are presented in Figure 6-1 and Figure 6-2 
for the steel and coating of the unmodified system. Sodium is a prominent peak in both spectra, it 
is an element easily picked up during ToF-SIMS experiments because of its high ionisation 
cross-section. The other peaks originate from organic fragments from the polyamide and iron 
based fragments from the steel.
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Figure 6-1: ToF-SIMS spectra of mirror image fracture surfaces: Exposed steel
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Figure 6-2: ToF-SIMS spectra of mirror image fracture surfaces: Delaminated coating
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Differentiating PDMS and APS
The presence of PDMS or a silicone like contamination on the samples surfaces is likely, 
probably resulting from the conditions in which the samples are created and how the powder 
stock is manufactured and handled. The use of XPS has revealed some silicon on the initial steel 
substrate and in the powder stock. The quantities observed are low, less than 0.1% in the powder 
stock. The Auger parameter data tend to indicate a PDMS like contamination, but ToF-SIMS can 
be employed to strengthen this hypothesis.
PDMS is a common contaminant observed in the field of surface analysis. The high intensity 
fragments produced by this linear silicone are found at mass 43, 73 and 147 u, their structures are 
shown in Figure 6-3.
SiCH3+ 
m/z = 43 u
H2C=SiH+
Figure 6-3: Main PDMS fragments observed by ToF-SIMS
The presence of a silicone contaminant is problematic because this may lead to confusion 
with the fragments originating from the silane. An analysis of a thick polymerised layer of APS 
has been carried out and the PDMS main fragments, at m/z = 73, 147 u can also be found on the 
APS thick layer.
There are two different hypotheses for the presence of these fragments. The APS has a 
defined purity of 99%. Due to the high sensitivity of ToF-SIMS, 1% of impurities can easily be 
detected. Another hypothesis is that silicon atoms and CH3 clusters ejected from the specimen 
surfaces can recombine and thus be identified as PDMS-like fragments. This phenomenon of 
recombination has been observed at ION-TOF and is thought to result in a larger peak and a peak 
with a “tail” on the higher mass side [94], However, the comparison of the peaks obtained from a 
PDMS specimen and the APS specimen did not show a specific enlargement [95].
Thus, within the time frame available, it was concluded that these weak peaks present at 73 
and 147 u on the APS specimen must originate from impurities in the product.
Because typical PDMS fragments at m/z = 43, 73 and 147 u are observed on the APS sample, 
it makes the differentiation between PDMS and APS complex. In an attempt to simplify the
Si(CH3)3 Si(CH3)3OSi(CH3y
m/z =73 u m/z = 147 u
c h 3 c h 3 c h 3
Si+ H3C—S i-O —Si+
I I I
c h 3 c h 3 c h 3
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identification of these different species, the RPIs of these peaks in different samples are reported 
in Table 6-1. The silicon peak at m/z = 28 u is employed as reference. PDMS (Mw = 33 000) was 
purchased at Dow Coming (Midland, USA).
Table 6-1: Presence of PDMS main fragments, ToF-SIMS positive fragments, RPI
based on Si+.
Fragments Mass PDMS Thick layer of APS Clean iron foil
n h 4+ 18 - 20 2.4
Si+ 28 100 100 100
SiCH3+ 43 58.4 11.6 25.9
SiC3H9+ 73 112.6 17.1 9
Si2CsHi50+ 147 45.9 5.9 -
The ratios of the 43, 73 and 147 peaks to the silicon peak are different depending of the 
sample analysed (Table 6-1). Peaks at m/z = 43, 73 and 147 are intense peaks on PDMS samples. 
As already explained, there is a matrix effect, which means that these ratios are to be considered 
only as qualitative indication of the presence or not of a silicone contamination. These results 
can be useful for comparison: if the intensities of the 43, 73 and 147 peaks relatively to the 28 
peak increase noticeably, this would be an indication of the presence of PDMS.
The next step is to control if silicone fragments can be detected in the powder stock. 
Analyses have been carried out on two powder stocks: the initial powder stock and the powder 
after addition of the aminosilane. The powder was deposited on a clean indium foil. The mass 
resolution on these spectra is reduced, due to the topography of the samples. The presence of 
APS is visible at mass 28 u in Figure 6-4, when APS has been added. If there is any silicone in 
the initial powder stock, it is in a very limited amount. The other “PDMS” peaks, i.e. the peaks at 
mass 43, 73, 147 u cannot be observed.
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Figure 6-4: High-mass resolution positive spectra at mass 28 u and 43 u for the initial
and modified powders
The 0.1% silicon concentration observed by XPS on the initial powder stock could be due to 
the preparation of the samples or a contamination of the chambers, the instrument being under a 
heavy work load with a wide range of samples investigated.
PDMS is a well known contaminant in the field of surface analysis. The presence of higher 
silicon concentrations at the fracture surfaces can result from the migration of PDMS toward the 
steel surface when the coating is formed. The intensity of the fragments typical from PDMS can 
be monitored and used as an indication of the presence of this silicone, as in the powder stock, 
on the APS sample or on the iron foil, they are minor peaks.
6.2.2.3 Investigation o f the fracture surfaces
Presence of PDMDS on the fracture surfaces
As shown in Table 6-2 and Table 6-3, there is some silicon present on the fracture surfaces 
for the unmodified system. However, when APS has been introduced, the increase in intensity of 
the silicon peak is sharp on both mirror image fracture surfaces, the intensity of the signal
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attributed to silicon increases by a factor up to hundred, so that the major contribution to this 
peak can be safely attributed to the presence of APS. No results are available for the coating 
failure surface at 0.6% APS for Set 3.
Table 6-2: Presence of PDMS on fracture surfaces, Set 2.
ToF-SIMS positive fragments, RPI based on a reference peak: Si+ (for the PDMS and 
APS samples), Fe+ (for the steel substrates) and C4H6NO+ (for the coatings).
Steel Pure PDMS Pure APS No APS 0.6 % 1.2%
Si+ 100 100 1.1 42.1 147
Fe+ - - 100 100 100
SiCH3+ 58.4 11.6 1.2 3.9 5.4
SiC3H9+ 112.6 17.1 0.7 1.7 0.4
SiCH3+ / Si+ 0.58 0.12 1.1 0.09 0.04
SiC3H9+/S i+ 1.13 0.17 0.6 0.04 Trace
Coatings Pure PDMS Pure APS No APS 0.6 % 1.2%
Si+ 100 100 3.8 121.8 906.9
C4H6NO+ - - 100 100 100
SiCH3+ 58.4 11.6 2.3 60.8 76.3
SiC3H9+ 112.6 17.1 7.6 103.7 16.0
SiCH3+ / Si+ 0.58 0.12 0.6 0.5 0.08
SiC3H9+ / Si+ 1.13 0.17 1.1 0.85 0.02
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Table 6-3: Presence of PDMS on fracture surfaces, Set 3.
ToF-SIMS positive fragments, RPI based on a reference peak: Si+ (for the PDMS and 
APS samples), Fe+ (for the steel substrates) and C4 H6NO+ (for the coatings).
Steel PurePDMS
Pure
APS No APS 0.3% 0.6% 0.9% 1.2%
Si+ 100 100 0.9 4.4 13.7 50.2 14.8
Fe+ - - 100 100 100 100 100
SiCH3+ 58.4 11.6 0.9 0.5 1.9 3.9 1.6
SiC3H9+ 112.6 17.1 5.2 0.4 5 10.5 4.5
SiCH3+/S i+ 0.58 0.12 1 0.11 0.14 0.07 0.11
SiC3H9+/S i+ 1.13 0.17 5.8 0.08 0.36 0.21 0.3
Coatings PurePDMS
Pure
APS No APS 0.3% 0.6% 0.9% 1.2%
Si+ 100 100 4.6 20.0 - 22.1 50.6
C4H6NO+ - - 100 100 - 100 100
SiCH3+ 58.4 11.6 6.1 4.8 - 3.4 8.2
SiC3H9+ 112.6 17.1 11.4 18.0 - 10.1 18.3
SiCH3+ / Si+ 0.58 0.12 1.33 0.24 - 0.16 0.16
SiC3H9+ / Si+ 1.13 0.17 2.47 0.9 - 0.46 0.36
The intensities of the SiCH3 + and SiC3H9+ peaks are compared. When APS has been used, the 
ratios of these peaks are relatively low compared to Si+. For the unmodified system, the intensity 
of the Si+ peak is low, but comparatively the SiCH3+ and SiC3H9+ peaks are more intense than 
when APS was used. This is attributed to the presence of impurities, i.e. a silicon contaminant. 
When APS is introduced, it is the major contribution to the silicon peak.
Hydrolysis of APS
The APS is introduced pure directly in the powder stock and the modified powder is stored 
24 hours prior to application. This time is thought to be enough for the APS molecule to 
hydrolyse. The molecule has the characteristic to auto-catalyse as reported earlier, it can react 
with the moisture in the air and moisture adsorbed on the metal. The fragments representative of 
diverse states of hydrolysis are presented in Figure 6-5.
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No hydrolysis, m/z = 163 u 
OC2H5 
H5C20 - S i +
OC2H5
Hydrolysis of two alkoxy, m/z = 107 u 
OH
I +
HO—Si
I
o c2h 5
Hydrolysis of one alkoxy, m/z = 135 u
o c 2H5
HO—Si+
OC2H5
Complete hydrolysis, m/z = 79 u 
OH
I +
HO—Si
I
OH
Figure 6-5: Fragments likely to be observed at different stages of the silane hydrolysis
The thick layer of APS shows an advanced stage of hydrolysis, no indication of incomplete 
hydrolysis has been detected, i.e. peaks at 107, 135 or 163 u. On the mirror image fracture 
surfaces, low concentrations of Si(OH)3+ fragments were detected and no incomplete hydrolysis 
was detected. The RPI are presented in Table 6-4 and Table 6-5.
Table 6-4: Hydrolysis of APS, Set 2. ToF-SIMS positive fragments, RPI based on a 
reference peak: Fe+ (for the steel substrates) and C4H6NO+ (for the coatings).
Steel No APS 0.6% 1.2%
Si+ 1.1 42.1 147
Fe+ 100 100 100
Si03H3+ - 0.7 0.4
Coatings No APS 0.6% 1.2%
Si+ 3.8 121.8 906.9
C4H6NO+ 100 100 100
Si03H3+ Traces Traces 10.8
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Table 6-5: Hydrolysis of APS, Set 3. ToF-SIMS positive fragments, RPI based on a 
reference peak: Si+ (for the PDMS and APS samples), Fe+ (for the steel substrates) and
C4H6NO+ (for the coatings).
Steel No APS 0.3% 0.6% 0.9% 1.2%
Si+ 0.9 4.4 13.7 50.2 14.8
Fe+ 100 100 100 100 100
Si03H3+ - 0.1 0.7 1 0.4
Coatings No APS 0.3% 0.6% 0.9% 1.2%
Si+ 4.6 20.0 22.1 8.2
C4H6NO+ 100 100 - 100 100
Si03H3+ 6.0 2.1 - 1.2 2.9
Crosslinking of APS
The extent of crosslinking found at the fracture surfaces is important to understand the role of 
the APS in adhesion enhancement. The formation of a polyorganosiloxane network at the 
interface is thought to reinforce the stability of the bond to the substrate. The extent of 
crosslinking may be assessed using the intensity of fragments containing two or more silicon 
atoms as the ones shown in Figure 6-6.
The fragments SizHsO/ and Si3H3 0 s+ are present for the APS modified systems on both 
fracture surfaces, which means that there is some degree of polymerisation on both the steel and 
the coating (Table 6-6, Table 6-7).
Si2H 03+ Si3H30 5+ Si2H30 4+
m/z = 105 u m/z = 167 u m/z = 123 u
O H O OH
II + I II I +SiH—O—Si= 0 HO—Si—O—Si—O—S i = 0  SiH-O—Si
I II I
H O  OH
Figure 6-6: Fragments likely to be observed if there is cross linking of the APS
molecules
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Table 6-6: ToF-SIMS positive fragments, analysis of Set 2. RPI based on a reference 
peak: Fe+ (for the steel substrates) and C4H6NO+ (for the coatings).
Steel No APS 0.6% 1.2%
Si+ 1.1 42.1 147
Fe+ 100 100 100
Si2H 03+ 0.1 0.7 0.3
Si2H30 4+ - 0.5 0.3
Si3H30 5+ - 0.3 0.1
Coatings No APS 0.6% 1.2%
Si+ 3.8 121.8 906.9
C4H6NO+ 100 100 100
Si2H 03+ - Trace 5.4
Si2H30 4+ 2.3 7.4 6.0
Si3H30 5+ 1.4 Trace 1.6
Table 6-7: ToF-SIMS positive fragments, analysis of Set 3. RPI based on a reference 
peak: Fe+ (for the steel substrates) and C^E^NO4^ (for the coatings).
Steel No APS 0.3% 0.6% 0.9% 1.2%
Si+ 0.9 4.4 13.7 50.2 14.8
Fe+ 100 100 100 100 100
Si2H 03+ 0.2 - 0.2 0.2 0.1
Si2H30 4+ 0.4 0.2 1.25 0.8 0.5
Si3H30 5+ 0.2 0.1 0.9 0.7 0.3
Coatings No APS 0.3% 0.6% 0.9% 1.2%
Si+ 4.6 20.0 - 22.1 50.6
C4H6NO+ 100 100 - 100 100
Si2H 03+ 1.2 1.3 - 0.3 0.6
Si2H30 4+ 3.4 3.5 - 1.0 2.7
Si3H30 5+ 0.9 0.9 - 0.5 0.5
Remaining PA
Another detail to investigate is the quantity of polyamide actually remaining on the steel 
substrate after failure of the interface. On the modified systems, the “nitrogen to silicon” ratios 
obtained by XPS lead to the conclusion that the amounts of PA remaining on the steel fracture 
surfaces are low.
To ascertain the presence of polyamide on the steel substrates, carbon containing fragments
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were analysed. Table 6 - 8  and Table 6-9 present the peak intensities, the iron peak is used as the 
reference peak. The analysis focused on fragments containing more than three carbons, as they 
are diagnostic of the polyamide rather than the aminosilane. Fragments such as C ^ N ^ , 
C5H12N4, C7Hn+, Ci0H22Nf do not increase in intensity on the steel substrates when APS has 
been introduced.
The C2H5+ fragment, which can originate from APS or polyamide, is not as intense as would 
be expected on the modified systems. This is not consistent with the XPS measurements, which 
show significantly more carbon containing materials remaining on steel when APS has been 
introduced. The polymerisation of the APS at the steel surface may prevent the extraction of 
organic fragments. The ion intensity measured decreases when the degree of polymerisation 
increases because there are additional bonds to be broken to extract the fragments.
Table 6-8: ToF-SIMS positive fragments, analysis of the steel failure surfaces, Set 2.
RPI based on Fe+ reference peak.
Steel No APS 0.6% 1.2%
S f 1 . 1 42.1 147
Fe+ 1 0 0 1 0 0 1 0 0
C2H5+ 1 2 35.2 14
C ^IST 0 . 2 1 . 6 0.7
C5Hi aN* 0 . 1 0.4 0 . 1
C7Hh+ 0 . 2 0 . 8 0.3
CioH22]Sr Trace Trace Trace
Table 6-9: ToF-SIMS positive fragments, analysis of the steel failure surfaces, Set 3.
RPI based on Fe+ reference peak.
Steel No APS 0% 0.6% 0.9% 1.2%
Si+ 0.9 4.4 13.7 50.2 14.8
Fe+ 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0
c 2h 5+ 27.6 1 0 . 1 23.8 33.6 12.4
0.3 0.05 0.4 0 . 8 0 . 2
c 5Hi2isr 0.7 Trace 0 . 1 0 . 2 0.04
C7Hh+ 1 . 8 0 . 1 2 1 . 1 3.4 0.5
CioHaabT Trace Trace Trace Trace Trace
Sodium present on the fracture surfaces
In the positive ToF-SIMS mass spectra, from the exposed steel, the sodium peak is always
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more intense than the iron peak, especially for modified systems (Table 6-10 and Table 6-11). 
This has two origins: sodium possesses a high ionisation cross-section, so it is easily observed by 
ToF-SIMS and the excess of sodium is a diagnostic of the cathodic activity. The greater 
concentrations of sodium on the steel for the modified systems are consistent with the XPS 
results (5.3.2). Sodium acts as counter ion for the hydroxyl ions produced in the cathodic areas. 
The enhanced adhesion between coating and substrate required a more aggressive environment 
to fail, thus higher pH, a higher concentration of hydroxyl ions at the interface, a higher amount 
of the counter ions.
Table 6-10: ToF-SIMS positive fragments, analysis of the Set 2. RPI based on a
reference peak: Fe+ (for the steel substrates) and C4HeNO+ (for the coatings).
Steel No APS 0.6% 1.2%
Na+ 115 481 485
Fe+ 100 100 100
Coatings No APS 0.6% 1.2%
Na+ 2576 3028 3428
C4H6NO+ 100 100 100
Table 6-11: ToF-SIMS positive fragments, analysis of the Set 3.
RPI based on a reference peak: Fe+ (for the steel substrates) and C4 H6 NO+ (for the
coatings).
Steel No APS 0.3% 0.6% 0.9% 1.2%
Na+ 127 354 407 590 328
Fe+ 100 100 100 100 100
Coatings No APS 0.3% 0.6% 0.9% 1.2%
Na+ 954 1695 - 1879 2081
C4H6NO+ 100 100 - 100 100
Transfer of iron on the coating failure surface
Some iron is found on the coating. It is possible because the failure occurs close to the 
interface. Alternatively, the iron can be solubilised in the humid atmosphere of the salt spray
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cabinet and transferred onto the coating side of the interface following failure. As shown in 
Table 6-12 and Table 6-13, ToF-SIMS indicates that there is transfer of iron on to all coatings.
Table 6-12: ToF-SIMS positive fragments, analysis of the coating failure surfaces, Set 2.
RPI based on C ^ gNC  ^reference peak.
Coatings No APS 0.6% 1.2%
Fe+ 254 355 112
C4H6NO+ 100 100 100
Table 6-13: ToF-SIMS positive fragments, analysis of the coating failure surfaces, Set 3.
RPI based on C^HeNO* reference peak.
Coatings No APS 0.3% 0.6% 0.9% 1.2%
Fe+ 823 256 - 125 155
C4H6NO+ 100 100 - 100 100
Covalent bond between APS and the substrate
Assessment of whether a specific bond is formed or not between APS and the steel surface is 
based on the existence of a peak at m/z = 99.907 u, the exact mass for a FeOSi+ fragment. The 
bond theoretically forms via condensation of a silanol and a hydroxyl on the steel surface (Figure
6-7).
OH OH
I + I +R—Si-OH HO—Fe v  w R — Si-O —Fe H ,0
i i 2
OH OH
Figure 6-7: Condensation reaction between an alkoxysilane and a hydrated iron surface
Steel fracture surfaces
On the steel failure surfaces, the intensity of the fragment assigned to the FeOSi+ changes in 
relation with the concentration of APS introduced into the coating (Table 6-14, Table 6-15).
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Table 6-14: ToF-SIMS positive fragments, analysis of the steel failure surfaces, Set 2.
RPI based on Fe+ reference peak.
Steel No APS 0.6% 1.2%
Si+ 1.1 42.1 147
Fe+ 100 100 100
FeOSi+ 0.11 0.28 0.30
Table 6-15: ToF-SIMS positive fragments, analysis of the steel failure surfaces, Set 3.
RPI based on Fe+ reference peak.
Steel No APS 0.3% 0.6% 0.9% 1.2%
Si+ 0.9 4.4 13.7 50.2 14.8
Fe+ 100 100 100 100 100
FeOSi+ 0.09 0.04 0.35 0.48 0.37
Silicon is already present on the clean steel has shown by the XPS data. The small amount of 
silicon present on the clean steel is attributed to PDMS or a similar silicon contaminant. A 
growing iron oxide is produced when the coating delaminates. This growing oxide can 
incorporate some silicon contamination or its degradation products. In this case, it may be 
possible to produce a FeOSi+ fragment due to a contamination mixed with the iron oxide. This 
would justify why on the unmodified system, when no APS has been introduced in the coating, 
there is also a fragment Si-0-Fe+, at m/z = 99.907 u.
On Set 2, the addition of APS leads to an increase in the intensity of the fragment Si-0-Fe+. 
On Set 3, the situation is more complex. The high-resolution spectra around 100 u are presented 
in Figure 6-8. The identification of Peak 2 as CHsNOMn+ is confirmed by the presence of a 
manganese peak at m/z = 55 u on the steel surface.
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Figure 6-8: High mass resolution ToF-SIMS mass spectra at m = 100 u on the exposed
steel surfaces
Coating fracture surfaces
On the coating side of the failed interface, the results obtained for Sets 2 and 3 are different, 
as shown in Figure 6-9, Table 6-16, Table 6-17. The sets of samples are self consistent.
For Set 2, the FeOSi+ fragment is observed when APS has been used. For Set 3, when no 
APS has been used, a small peak can be observed. When APS has been used, the peak assigned 
to the FeOSi+ fragment is very weak.
Table 6-16: ToF-SIMS positive fragments, analysis of the coating failure surfaces, Set 2.
RPI based on C4H6NO+ reference peak.
Coatings No APS 0.6% 1.2%
Si+ 3.8 121.8 906.9
C4H6NO+ 100 100 100
FeOSi+ 0.17 0.86 0.98
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Table 6-17: ToF-SIMS positive fragments, analysis of the coating failure surfaces, Set 3.
RPI based on C4HeNO+ reference peak.
Coatings No APS 0.3% 0.6% 0.9% 1.2%
Si+ 4.6 20.0 - 22.1 8.2
C4H6NO + 100 100 - 100 100
FeOSi+ 0.93 0.2 - 0.10 0.22
1 2 3 4 5  1 2 3 4 5
®  0 . 8 - 
c
0.4-
0.5-
© 0 . 8 -
0.4-
15m a s s  / u
* 1 0 2. 
•oj 3.0 - 
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Figure 6-9: High mass resolution ToF-SIMS mass spectra at m = 100 u on the
delaminated coatings
The differences for Set 2 and 3 on the substrate and the delaminated coating could be due to 
APS as two different APS products have been used. Set 3 has been prepared with a fresher APS 
than Set 2: the silane was delivered by the manufacturer in an airtight container and opened the 
day of application. It is thus possible that there was less oligomerization in the APS liquid 
employed for Set 3. The APS molecules were then more mobile and this would lead to the 
formation of a stronger network of polymerised APS molecules at the steel interface. In this case, 
no FeOSi+ fragment can be observed on the coating as the failure has not occurred close to the 
interface.
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6.2.3 Summary
The ToF-SIMS experiments provided important information regarding the role of the APS. 
The APS has hydrolysed and has managed to crosslink to a certain extent. These results are 
similar on both failure surfaces, delaminated coatings and steel substrates. The presence of APS 
provides a stronger interface, the higher sodium signal detected on the modified systems indicate 
a more aggressive corrosion phenomenon. This is in agreement with the XPS results, as shown in
5.3.1 and 5.3.2.
On the unmodified system, when no APS was used, the steel failure surface presents some 
silicon at its surface. Even if the silicon peak at m/z = 28 u is weak, peaks at m/z = 73 and 147 u 
are observed, so that there might be some PDMS or a silicon like contamination. The Auger 
parameters data confirm that there is a silicon bonded to oxygen, but the AP value are slightly 
different from the AP of PDMS found in the literature. It is likely that the heat treatment, i.e. 
when the powder is melted at 210° to form a coating degrades the molecule. In this case, the AP 
would indeed change. This could explain why a FeOSi+ fragment is observed on the unmodified 
system: this fragment would be due to a degraded silicone contamination mixed with the 
growing iron oxide.
When APS has been used, the main feature to notice on the steel failure surfaces as analysed 
by ToF-SIMS is that there is a FeOSi+ fragment observed and its presence is related to the APS 
concentration employed.
When APS has been used, on the coating sides of the failure, the situation is more complex, 
but with both sets consistent: the FeOSi+ fragment might be observed or not when APS has been 
introduced. The explanation is likely to be found in the age of the silane solution. The APS is a 
very reactive chemical compound, able to hydrolyse even just with the moisture of the air. An 
older APS solution can contain oligomers, and their presence in the solution is not visible up to a 
certain degree of oligomerization. The age of the initial silane solution is likely to influence the 
quality of the silane presence at the interface. A fresh APS solution, with a low amount of 
oligomers means that the APS molecules will be more mobile. Consequently, the APS rich layer 
formed close to the interface may be better attached to the steel substrate than if the work is 
carried out with APS oligomers. For example, hydrolysed monomers offer more hydroxide 
groups to react with the substrate than oligomers. A strongly attached APS rich layer means that 
the failure will occur far from the interface and no FeOSi+ fragments will be observed on the 
coating failure surface. If the APS rich layer is not strongly attached to the substrate, some 
FeOSi+ fragment can be picked up on the coating.
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The ToF-SIMS experiments show that APS is able to interact where it is needed, i.e. at the 
interface as an adhesion promoter. This suggests that the molecule is free enough in the molten 
polymer matrix to reach the interface. This point has been investigated, as reported in the 
following sections.
6.3 Segregation of the Silane
6.3.1 Introduction
Significant levels of silicon are observed at the mirror image fracture surfaces by XPS and 
ToF-SIMS. Apart from a low amount of contamination, silicon originates from the APS 
introduced in the powder stock. In order to explain the quantity of APS present at the interface, it 
is useful to ascertain the presence of the APS in the whole coating. For this purpose, silicon has 
been used as marker of the APS and depth profiles of the silicon in the coating have been 
produced.
XPS can be employed to provide this information. However, the X-rays spot size is at least 
15 to 50 pm whereas the coating is around 100 pm thick: the spot size is too large to obtain a
depth profile in the coating. Consequently, XPS needs to be combined with a cross-sectional
magnification. Ultra low angle microtomy (ULAM) has been developed and proved efficient for 
magnification of the interface in layered polymeric systems [62, 96]. Other techniques exist such 
as ball cratering on polymer coatings with the use of a cooling system for organic material [97].
6.3.2 Ultra low angle microtomy
6.3.2.1 Principle
Conventional cross sectional analysis is accomplished at 90°. Tilting the sample from this 
angle magnifies the section. The sample preparation can be challenging, but the potential 
magnification is rewarding. With an angle taper of 0.33°, a 100 pm XPS spot size could 
potentially give a 600 nm depth resolution.
The ULAM processing of samples was carried out on a Microm HM355S motorized rotary 
microtome (Optech Scientific Instruments, Thame, UK) equipped with a standard specimen 
clamp and a tungsten carbide knife. The ultra low angle sectioning block (35 x35 x 7 mm) was 
manufactured in-house from stainless steel. The ultra low angle sectioning block has one face
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raised by 200 pm relative to the other face, giving a nominal taper angle o f 0.33°.
A specific method has been employed for maximum accuracy o f the angle measure. A 
schematic of the ULAM apparatus as employed in the production of ultra-low angle tapers is 
presented in Figure 6-10. A polypropylene block is placed in the microtome clamp and trimmed 
with the tungsten carbide knife until the cut sections comprised the complete face. This ensures 
that the polypropylene block is attached parallel to the knife. The microtome clamp with the 
polypropylene block is then retracted. The polypropylene block is used as a support for the steel 
ultra low angle sectioning blocks.
Microtome knife 
Coating
Angle sectioning block
Polypropylene block
Figure 6-10: Schematic of the microtome set up, 0 equals 0.33°
The angled sectioning block is cleaned with acetone to obtain a better adhesion. Double sided 
adhesive tape is then applied on both faces o f the block. One face is placed at the centre o f the 
polypropylene block. The sample is then secured on the raised face o f the angled sectioning 
block, so that it is presented to the knife with a defined angle.
The specimen is sectioned, 1 pm thick layers removed one by one and before the last 
trimming the knife is cleaned with acetone and hexane. Once the desired cut is obtained, the 
specimen is detached from the angled sectioning block and ready for analysis.
The distances monitored on the magnified sections during the XPS line scans, i.e. the 
position of X-ray spots in the x-y plane, have to be converted in depths in the coating, i.e. the 
distance from the original surface in the z direction. This allows a plot o f the depth profile as 
atomic concentration against depth into the coating. The conversion factor is readily obtained by 
application of simple geometry, as shown in Figure 6-11 and equation 6.1.
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-►x
Small area XPS (100 pm)
Direction of the XPS line scan
Figure 6-11: Angle sectioned coating
z = x tan 0 < 6.2>
Where z = depth
x = distance on the line scan
0 = sectioning angle.
6.3.2.2 Sample preparation
Careful experimental conditions are required to minimize damage of the surface. In addition 
to the use o f a sharp microtome knife, a geometrical precaution is applied. To minimize the 
effect of the smearing, XPS line scans are run at 90° of the direction of the cut (Figure 6-12). 
After the analysis by XPS, samples have been observed by SEM to obtain more information 
about the morphology of the surface. To demonstrate the applicability o f ULAM to the 
investigation of organic materials, it is essential to show that the disturbance o f the surface is 
minimal and do not influence significantly the results obtained.
Typical SEM images are shown in Figure 6-12. The high intensity pixels (lighter colour) 
have been identified by energy dispersive X-ray spectrometry (EDX) as the filler particles in the 
coating. On the intact coating, these mineral particles are not observed, they have been covered 
by the melted polymer matrix. The high magnification pictures of the coating present some 
smearing. However, the perturbation is minimal and can be regarded as not significant relatively 
to the spot size and the step size employed during the XPS line scans.
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Direction of cut
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Figure 6-12: SEM images of a microtomed coating. Some smearing can be observed in 
the high magnification image. The direction of the line scan is at 90° of the direction of the
cut.
Smearing has been considered previously by Hinder et al. [62], In comparison the presence of 
inorganic fillers possibly increases the roughness of the surface exposed compared to unfilled 
polymers. However, the main influences to obtain a well-defined cut are a well-mounted sample 
and a sharp blade.
6.3.3 Presence of APS in the coating
To obtain a concentration depth profile in the coating, two cuts are required per specimen. 
The microtoming of the coating has been performed twice, with two samples cut out of the same 
specimen, each sample being mounted on the angled sectioning block with one particular surface 
presented for sectioning. XPS line scans have been carried out on both sections and the data 
recorded allow the production o f a complete profile. After a few micrometres in depth, the 
coating compositional profile reaches “bulk” concentrations.
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Thicknesses of the coatings are in the range of 80 to 120 pm. The depth profiles obtained are 
presented as coating composition plotted against the depth in the coating in micrometres. To 
clarify the presentation of the profiles obtained, a scale has been added on the graph: the level of 
the outer surface is called the 0 pm and the interface between the steel and the coating is set at 
100 pm. The locus of the interfaces, i.e. the definition of the “0” and “100” pm spots for each 
profile, is defined using relevant elements, mainly sodium and iron. An example is given in 
Figure 6-13.
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Figure 6-13: Depth profile in the coating close to the steel interface: the surface 
composition (at%) is plotted against the depth in the coating (pm). The sample has been
modified with 1.2% APS.
Figure 6-14 shows silicon profiles at both interfaces, the coating interfaces with the air and 
with the steel. Two coatings have been analysed, the 0.6% APS and the 1.2% APS. Two 
different results are overlapped for each coating to demonstrate the reproducibility of the 
method.
The line scans presented have been produced with XPS spot sizes of 70 to 150 pm. Step sizes 
between two spots of analysis were 100 to 250 pm. The step size was always equal or slightly 
bigger than the spot size.
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Figure 6-14: Silicon depth profiles (at%) in the coatings, two similar profiles are
presented for each coating:
a) Coating 0.6% APS
b) Coating 1.2% APS
The APS introduced in coating has moved toward both the air and steel interfaces. The two 
coatings analysed (0.6 and 1 . 2  at% APS) give different profiles, especially close to the steel 
interface.
There are transition phases between the interfaces and the bulk compositions, the transition 
phases are a couple of micrometres thick toward the steel interface.
6.3.4 Efficiency of an aged modified powder
As a thermoplastic based powder, the initial commercial powder is very stable and in cool 
and dry conditions the powder can be stored for several years before use. The silane introduced 
as a coupling agent is a very reactive chemical compound. It has shown its capacity to improve 
the adhesion of the coating, but the stability in time of a modified powder has to be assessed.
For this purpose, coatings have been created with a powder, which has been modified one 
year before the coating application. This has been done with a 1.2% APS concentration. The
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samples have been evaluated by the salt spray tests. The results are poor compared to a similar 
coating prepared with a freshly modified powder (Figure 6-15). The extent of delamination is 
equal to 9.5 mm, with a freshly prepared powder and 19 mm when the powder has been stocked 
one year before the coating application. In addition, the high standard deviation observed with 
the aged powder is similar to the behaviour of the unmodified powder, whereas the results 
obtained with a freshly modified powder are more uniform.
The results o f salt spray tests for the old 1.2% APS powder or the unmodified powder are 
similar. After being stored for one year, the modified powder has lost its enhanced properties. 
The benefits of the introduction o f APS have disappeared almost completely. The shelf life 
clearly is shorter, less than a year, which needs to be carefully defined if modified powder is to 
be made available commercially.
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Figure 6-15: Extents of delamination plotted against APS concentration in the coating 
(Set 3). The delamination test has been carried out for 250 hours; the substrates were cold 
rolled steel, one modified powder was stocked one year before being used.
On the one-year-old powder, a silicon depth profile o f the coating has also been acquired 
(Figure 6-16). Silicon concentrations reached at the interfaces with the air and the steel are lower 
(about 1.5 at%) than the silicon concentrations observed on a coating prepared with a freshly 
prepared powder (about 3 at%). The silicon segregation in the polymer matrix is reduced.
This is consistent with the data obtained on the steel failure surfaces after delamination o f the 
coating. The silicon surface concentrations observed on the steel are approximately 2.5 at% with 
a coating produced with the one-year-old powder and 3.4 at% when a fresh powder is employed.
-m— Set 3 
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APS x% APS 2x% APS 3x% APS 4x% APS
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Figure 6-16: Silicon depth profile (at%) in the coating created with a one-year-old and
1.2% APS modified powder
6.3.5 Discussion
6.3.5.1 APS segregation path
While designing the experiments to obtain the silicon concentration profile in the coatings, a 
discussion arose about the meaning of the results. The system is initially a polymer powder, 
melted to form a continuous protective film. Because of this characteristic, two mechanisms for 
APS diffusion in the coating can be envisaged: at the boundaries of the powder particles or 
through the powder particles.
If the APS molecules diffuse mainly at the boundaries the polymer particles, the APS could 
be wrongly thought to be almost absent of the bulk of the coating. This situation and the depth 
profile expected based on this hypothesis are presented in Figure 6-17.
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Figure 6-17: APS molecules at the boundaries of the particles:
a) Schematic of the coating after ULAM
b) Depth profile of the silicon in the coating to be expected on the basis of a)
There are two reasons why this is thought not to be the case. APS contains 37 to 19 atoms 
depending of its degree of hydrolysis, compared to the PA which has a molecular weight of 12 
000 g.mol' 1 and constitutes the matrix. The size of the mobile molecule compared to the matrix 
is very small. There is always a free volume in polymer so that there is possibility for the small 
mobile molecule to move in the matrix. In addition, the agitation on a molecular scale of the 
chains of the matrix polymer should lead to a constant flux of the APS molecules. As long as 
they are free they will be statistically moving all around the matrix. The movement should be 
relatively swift in the oven as the matrix polymer is melted to form the coating at 210°C, slightly 
above the fusion temperature. At a microscopic scale, the movement of the APS molecules is not 
likely to be stopped by the external boundaries of the particles.
The second argument is empirical. From the silicon profiles obtained by XPS and ULAM, the 
observed amount of silane in the coatings can be extracted and compared with the amount of 
silane theoretically present in the coating. The quantities of APS have been estimated by 
integrating the area under the depth profiles. The evaluations have been carried out with the 
0 .6 % and 1 .2 % coatings, as presented in Table 6-18. A range of values is proposed for these 
quantities of silane, depending of the level of silicon chosen as representative for the bulk 
concentration. The calculated amount of silane is in the same order of magnitude as the APS 
introduced. The total amount of silicon observed is enough to account for the total amount of 
silicon introduced. This means that there is too little APS introduced and too much observed at 
the outer surfaces to think that there is much more APS left in the bulk of the material. 
Consequently, it is thought that the APS is mobile through the melted polymer particles.
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Table 6-18: Comparison of the theoretical quantities of silicon introduced in the 
coatings and the quantities measured, as extrapolated from the XPS line scan.
0 .6 % APS 1 .2 % APS
Theoretical quantity of silicon 
Quantity of silicon measured
0.065 at% 
0.15 to 0.2 at%
0.13 at% 
0.15 to 0.4 at%
6.3.5.2 Driving forces
Even if the APS is mobile, the question of the driving forces leading to the segregation 
phenomenon should be considered.
For the APS molecule to be able to segregate at the surface, two conditions are required:
■ The mobile molecule needs to be able to move in the polymer matrix
■ The local enrichment has to be driven by a thermodynamic consideration
Similarly, in winter, the warm air from a fireplace goes up because it is mobile in the
atmosphere (condition of mobility) and the gravity leads the less dense warm air to go up 
(driving force). The capacity to move of the APS molecule in the polymer matrix has just been 
discussed in 6.3.5.1.
The steel can bond with the mobile APS molecule, so can act as a sink in the random 
movement phenomenon. The thermal energy at the outer surface of the molten polymer may 
favour a accelerated polymerisation at the interface between coating and air compared to the 
polymerisation rate in the bulk of the coating, so that oligomerized APS movements are slowed 
down and enrichment is observed.
Moreover, the solubility parameters of the PA matrix and the APS seems favourable to 
segregation. Gentle et al. worked the other way round by studying the diffusion of silane 
coupling agents in polymers [98]. By using sputtered neutral mass spectrometry, they studied 
silane and polymers interphases. Thin laminates of GPS and four different polymers were 
prepared by spin coating. The range of solubility parameters for the polymers tested varies from 
8.65 to 9.9 (cal.cm'3)172. GPS has a solubility parameter of 9.3 (cal.cm'3)172. There is no details 
about the origin of the solubility parameters, but by comparison with the Polymer Handbook, it 
is likely they have been calculated by a method of group contribution [99, 1 0 0 ]. The results show 
that when the solubility parameter of the silane is close to that of the polymer, the degree of 
interdiffusion is higher than when the solubility parameters are mismatched. To compare with 
their results, the solubility parameters given in (cal.cm'3) 172 are 9.4 for PA 11 and 8.7 for APS 
[101]. These two solubility parameters would consequently be classified as mismatched. A
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limited diffusion would be expected. In this study, this can translate in a tendency to separate, 
thus APS being localised at the outer surfaces of the PA matrix.
6.3.5.3 Shelf life
The introduction in the powder stock of a reactive silane as coupling agent has led to the 
investigation of a possible shelf life for the modified powder stock. If the segregation of the 
silane influences the durability of the adhesion of the coating, a silane introduced in the powder 
stock long before the application could be less efficient. This hypothesis has been demonstrated 
to be true, the shelf life being less than a year. The oligomerization of the APS molecules is a 
likely explanation, the oligomerized molecules becoming bigger and bigger, less and less mobile 
in the PA matrix and carrying less reactive functionalities.
6.4 Concluding remarks
More information about the mode of action of the aminosilane has been given in this chapter. 
Depth profiles of the silicon in the coating have been produced by use of XPS combined with 
ULAM. The purpose was to localise APS in the coating. The question is particularly relevant as 
large quantities of silicon have been found at the failure surfaces.
APS has segregated towards the coating two interfaces: with the steel and with the air. This 
segregation is beneficial, it means a greater influence of even a small amount of APS introduced 
in the powder stock. At this interface, after failure, it can be observed that the silane has 
hydrolysed and crosslinked. The aminosilane has formed a covalent bond with the steel surface 
through the silanol functionality. These results are important: because of the way the silane is 
introduced, it was not evident that the molecule would easily reach the interface to play its role 
of adhesion promoter. Silanes are usually solubilised before being introduced in a system, i.e. as 
primers for a substrate or coupling agents for glass fibres. They are often introduced directly 
where their action is needed. The freedom of movement of the APS molecules must be limited in 
the polymer matrix, but they are still free enough to fulfil their role of adhesion promoter.
However as it has been demonstrated that the incapacity to segregate might be a major 
parameter in the ageing phenomena of the modified powder. The aged modified powder loses the 
benefice of the APS introduction: if APS is to be used as a coupling agent, a shelf life for the 
modified powder will be required. A commercial application of this enhancement process would 
have to take this information into account.
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Rather than APS molecules in a PA matrix, the next chapter focuses on non-impeded APS 
molecules. An adsorption study will allow the estimation of the concentration of APS molecules 
that can reach and bond to the steel. This will provide a point of comparison to the present 
system: APS in the PA matrix.
Chapter 7 
Adsorption of APS on Steel
7.1 Introduction
An aminosilane has been added to the powder stock in order to enhance the 
durability of organic powder coatings applied on steel. To evaluate their durability, 
the coated steel panels have been aged in salt spray cabinet. In addition, other samples 
have been created to answer specific questions. The purpose of these “model” 
samples is to allow the analysis to be focused on one particular aspect of the study.
In this chapter, the process by which the aminosilane adsorbs on the steel is 
discussed. The study of free aminosilane molecules on steel provides a benchmark to 
compare the action of the aminosilane in the polyamide matrix. It would be 
particularly interesting to know if the steel has been saturated with the silane when the 
coatings have been formed, i.e. if the maximum quantity of APS, which can adsorb on 
a steel surface is reached when APS is introduced through the powder coating 
formulation. The adsorption of the APS on the steel is likely to be limited by the 
segregation of APS in the coating and the competitive adsorption with polyamide. A 
direct contact between a steel surface and a large quantity of free non-impeded APS 
molecules in solution will indicate the APS saturation level for the steel surface.
7.2 Adsorption isotherms of APS on steel
7.2.1 Introduction
Silanes can be used as coupling agents by addition to an adhesive or coating 
formulation, as explained in previous chapters. However, to obtain an enhanced 
performance it is often considered essential to create a thin, chemically bound silane 
layer as a discrete layer. This is why the deposition in a well controller manner from 
silane solutions has been well documented. When a silane is used as a primer from a 
dilute solution, there is an optimal process window, which corresponds to a stage of
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maximum hydrolysis and minimum condensation. The time the silane is allowed to 
react in solution prior to application can be defined for a particular silane and a 
specific solvent or mixture of solvents. The concentration of the silane is another 
parameter easily adjusted. In the case of the introduction of pure liquid APS in a 
powder stock, the formation of a well defined silane layer is less likely as there are 
fewer parameters, that can be controlled.
The analysis of the steel failure surfaces after introduction of APS in the coating 
has shown that there is essentially APS remaining on the steel rather than PA. 
However, there is no information on the optimum coverage that can be reached for 
APS on steel. The availability of the sites on the steel is limited by the segregation 
phenomenon and the competitive adsorption between APS and PA, i.e. the PA 
functional groups will potentially occupy some substrate bonding sites. By 
establishing the maximum capacity of the APS for adsorption for the steel surface, it 
is possible to estimate what is the proportion of the available sites actually occupied 
by APS. This APS maximum capacity is estimated by studying the adsorption of APS 
in diluted solution on steel.
This information about the equilibrium formed between free non-impeded APS 
molecules and a steel surface is a reference to evaluate the capacity of silane to act as 
a coupling agent when it is introduced in a polymer matrix. In the field of adhesion, 
for the study of the interaction between a molecule and a solid substrate, there are two 
parameters that are of critical importance: the capacity of the solid surface to adsorb 
the molecule and the nature of the bonds formed. The production of adsorption 
isotherms obtained by XPS reveals the quantity adsorbed on the surface and can give 
information on the mechanism of adsorption. This approach can consequently add to 
the knowledge of the APS affinity with the steel. An adsorption isotherm from a 
liquid solution is the variation of coverage of the adsorbate on the substrate with the 
solution concentration at a chosen temperature. The free molecules in solution and the 
molecules adsorbed on the substrate surface are in a dynamic equilibrium and the 
fractional coverage of the surface depends on the concentration of the solution. The 
adsorption isotherms by XPS are usually plotted as the uptake of the adsorbate on the 
solid surface against the solution concentration.
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7.2.2 Theory of adsorption
Molecules and atoms can be attached to surfaces through physisorption or 
chemisorption [ 1 0 2 ].
Physisorption is due to van der Waals interactions between the molecule adsorbate 
and the substrate surface. These interactions have a long range but are weak. The 
enthalpies of physisorption are typically more than -25 kJ.mol'1. These are small 
enthalpy differences: a physisorbed molecule retains its integrity, although it might be 
distorted by the presence of the substrate surface. Physisorption decreases with 
increasing temperature, which is why UHV systems are routinely baked to remove the 
physisorbed contamination.
Chemisorption is due to stronger interactions than physisorption and may even 
rely on formal primary bonds such as ionic or covalent bonding. Chemisorption 
increases with increasing temperature, as it is often an activated process. These 
interactions have a short-range action, which is why there is a restriction in the 
saturation uptake of the adsorbed molecules on the substrate. The adsorption is 
limited to a monolayer. The enthalpies of chemisorption are typically in the region of 
-200 kj mol'1. Molecules adsorbed may be changed, through bonding with the surface 
and these molecules may be difficult to remove.
If adsorption occurs from a liquid solution on a substrate, typically a physisorbed 
layer can be washed of when the sample is rinsed, whereas a chemisorbed layer will 
be retained. Physisorption can result in a multilayer formation of adsorbate on the 
substrate, whereas chemisorption will result in a saturation point, as the substrate can 
only chemisorb a monolayer (Figure 7-1). If an initial chemisorbed overlayer can act 
as a substrate for further physisorption, the isotherm can be expected to rise 
indefinitely.
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Figure 7-1: Adsorption isotherms of a physisorbed and a chemisorbed layer 
will differ. Chemisorption can also be followed by physisorption.
There are different models to describe the chemisorption phenomena, including 
Langmuir, Freundlich and Temkin isotherms. The Langmuir isotherm is the simplest, 
based on three assumptions:
■ Adsorption cannot proceed beyond monolayer coverage
■ All sites are equivalent and the surface is uniform from an adsorption point 
of view
■ The ability o f a molecule to adsorb at a given site is independent o f the 
occupation of neighbouring sites
The last assumption is specific to the Langmuir isotherm, it means the enthalpy of 
adsorption is constant. Temkin and Freundlich isotherms assume that the energetically 
most favourable sites are occupied first by adsorbate molecules and as the coverage 
increases, the enthalpy of adsorption increases. The Temkin isotherm assumes that the 
enthalpy o f adsorption changes linearly with the coverage, whereas the Freundlich 
isotherm assumes that the adsorption enthalpy varies logarithmically with the 
coverage. Equations 7.1 describe these models.
Langmuir Temkin Freundlich
CyCu = Cl Cs + C2 Cu = C, In C2 c s C„ = Cl c s1/C2
<7 1>
Where Ci, C2 = constants
Cu = uptake o f the adsorbate (atomic %)
Cs = concentration of the solution (v/v%)
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7.2.3 Construction of the isotherms
7.2.3.1 Kinetics o f adsorption
In order to plot an adsorption isotherm, for each system, i.e. the adsorbate in 
solution and the substrate investigated, the time required for kinetic equilibrium to be 
reached has to be established. This is achieved by monitoring silane deposition as a 
function of immersion time and ensuring that the chosen deposition time results in a 
maximum uptake.
Practically, the substrate is immersed in the adsorbate solution for different 
lengths of time and then analysed. The time required to reach the stable state, i.e. a 
constant surface coverage for one specific solution concentration will be extracted 
from these experiments. Afterwards, the defined kinetic equilibrium time will be kept 
constant.
A precaution taken to construct adsorption isotherms is to study the kinetics of 
adsorption at two different concentrations, a “low” and a “high” concentration. These 
concentrations must be in the range of concentrations used later to obtain the 
isotherms. In practice, the two concentrations chosen are 0.5 and 5 v/v%.
The silane solutions were prepared 30 minutes before the experiment, this time 
was kept constant to ensure a better reproducibility. The solvent used was ethanol. 
This allows one to work with relatively stable APS molecules. Even if APS reacts 
with the solvent, the recombination will produce APS molecules. If the solution was 
aqueous, the ethoxy groups would be quickly replaced by hydroxy groups. Large 
quantities of oligomers or polymers would be observed rapidly. APS is known to be 
very reactive, so that the residual water in the solvent and on the steel would ensure 
some level of hydrolysis in the alcoholic solution.
The solvent is Analar quality to avoid competitive adsorption between any 
impurities and the molecules under investigation. Bailey and Castle, when they 
presented the construction of the first adsorption isotherms with XPS with silanes 
adsorbed on iron, presented spectra which exhibit peaks from both impurities found at 
low concentrations in the solvent and the silanes studied [32]. By using Analar 
solvent, the presence of impurities is limited.
After deposition, the iron was shaken free of drops and immediately rinsed using 
fresh ethanol for 30 seconds to remove any excess silane, which would be
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physisorbed. Specimens were then dried in air.
It is assumed that the presence of nitrogen and silicon are indicative o f the 
presence of the silane, thus the treated surfaces were characterised with Si 2s and N ls 
signals. Because the work is carried on steel, Si 2s is employed rather than Si 2p to 
avoid overlapping with the Fe 3 s signal. The results for three different runs are 
presented in Figure 7-2, the times tested vary from 30 seconds to 15 minutes.
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Figure 7-2: Kinetic adsorption isotherms 
APS adsorbed from diluted ethanol solution on clean steel 
a) Low concentration, 0.5 v/v %
b) High concentration, 5 v/v %
There is some nitrogen and silicon present on the cleaned sample, typically around 
1.5 at%. The plateau, i.e. the maximum uptake was reached after 4 minutes, so an
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isotherm has been constructed with 4 minutes as equilibrium time.
7.2 . 3 . 2  A d s o r p t i o n  i s o t h e r m s
Adsorption studies have been performed for different concentrations o f APS in 
ethanol solutions onto carefully cleaned steel at room temperature. Deposition was 
achieved by immersing the steel coupons in the silane solution for 4 minutes at 
ambient temperature.
The data obtained for three runs for concentrations varying from 0 to 10 v/v %  
point toward a chemisorption phenomenon and not a physisorption: there is saturation 
in the adsorption process as seen in Figure 7-3.
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Figure 7-3: Adsorption isotherms for APS on steel. The test was carried out 
three times. The immersion time chosen is 4 minutes.
A test of conformity o f the adsorption data to the different isotherms can be made 
by plotting Cs/Cu against Cs and In Cs against Cu or In Cu as in Figure 7-4. If  the data 
fit the models, straight lines will be obtained and the constants Ci and C2, as presented 
in equations 7.1 will be deduced from the slope of these lines and the intercept with 
the coordinate axis.
-  154 -
Adsorption o f APS on Steel
Langmuir, 4 m in
Wo
0
0.0 1.0 1.50.5 2.0 2.5
□ N 
A Si
Cs/Cu 
Temkin, 4 min
7
6
5
4
2
1
0
0•2 1 1 2 3
□ N 
A Si
In(Cs) 
Freundlich, 4 min
2.0
3o
c
0.5
0.0
1 0-2 1 2 3
□ N 
A Si
in(Cs)
Figure 7-4 Langmuir, Freundlich and Temkin plots based on the XPS data
The least square values R2 for the three models of isotherms are presented in Table 
7-1. It is found that data are best fitted by a Langmuir isotherm (Figure 7-5: R2 for the 
Langmuir plots are around 0.95).
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Table 7-1: Values of the least squares for different model of isotherms. The 
values have been obtained with the data collected for nitrogen and silicon.
R2 Nitrogen Silicon
Langmuir 0.95 0.94
Freundlich 0.84 0.89
Temkin 0.75 0.78
The Langmuir isotherm, which exhibits the best fit to the experimental data is 
shown in Figure 7-5.
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Figure 7-5: Adsorption data fitted with a Langmuir isotherm
7.3 Properties of the silane layer
7.3.1 Uniformity of silane layer
Adsorption can occur in a uniform or non-uniform layer. A non-uniform 
adsorption can be for example island like, with the size of the islands growing with 
the increasing coverage. To deduce the uniformity of the silane layer on steel, the 
Beer Lambert equation can be manipulated as in equation 3.4:
I = I0 exp (-t / X  cos 0) 
Where 0 = emission angle for the electrons
<3.4>
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If the overlayer is continuous, the plot of the logarithm of the intensity of the 
substrate signal as a function of (cosG) ' 1 fits on a straight line. This plot has been 
constructed with the data obtained using ARXPS. The signal is acquired at different 
angles during the XPS experiments. The only limitation is at grazing angles, for 
which the contribution of the elastically scattered electrons becomes too significant. 
For this reason ARXPS is usually limited to 0 from 0 to 75°.
The data acquired by ARXPS with a range of angles of emission from 25 to 73° 
with respect to the sample normal presented in Figure 7-6. The sample was a piece of 
steel dipped for 4 minutes in a 5 v/v % APS solution.
y = -0.9458X + 6.7389 
R2 = 0.9513
>»-4-»
wco4->c
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Figure 7-6: The uniformity of the silane overlayer is controlled through 
ARXPS experiment and the use of the Beer Lambert equation
The least square R2 is above 0.95, which means that the silane layer is relatively 
uniform on the steel surface. Thus it is possible to calculate the thickness of silane 
deposited at saturation.
7.3.2 Thickness of silane layer
To calculate the thickness of the overlayer on the steel substrate, the attenuation 
length is needed. The probability for a photoelectron to escape from a material 
depends from the sample: for example, it is difficult for an electron to escape from a 
dense material. The attenuation length offers a way to quantify the proportion of 
electrons, which are not going to be measured because they have not managed to 
escape from the material.
A popular method to measure the thickness of an overlayer on a substrate is based
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on the Beer-Lambert equation using the plot obtained in Figure 7-6. The slope of the 
plot is (-t/A). The value for A is based on the NIST software and the knowledge of the 
APS structure [103]. A value of 3 nm is chosen for A. The thickness of the silane layer 
can thus be estimated around 2.8 nm. However, this initial estimation can be 
improved. The use of the Beer Lambert equation is limited to the case when the 
attenuation lengths of the photoelectrons originating from the overlayer and the 
substrate are assumed to be identical or close, i.e. Asubstrate ~ AoVeriayer ~ A. This means 
that the two peaks measured must have close kinetic energies, as the attenuation 
lengths are dependent of the photoelectrons kinetic energies. An ideal situation is the 
measure of the thickness of an oxide thickness on its metal. In this study, the nitrogen 
and silicon main peaks have energies too different from the iron main peaks.
To take into account the attenuation lengths of the photoelectrons, it is convenient 
to use the kinetic energies of the photoelectron transitions involved. In this case, the 
relevant equation is more complex than equation 3.4 but Cumpson has developed a 
nomogram to solve the equation [6 8 ]. A nomogram is a plot designed to give a value 
that is dependent on two or more measurements. The Thickogram provides an 
estimation of overlayer thickness through the use of the peak intensities ratio and the 
kinetic energies ratio, as shown in Figure 7-7.
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Figure 7-7: The Thickogram developed by Cumpson [6 8 ]
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Where t = film thickness
Xo = attenuation length of photoelectrons in the overlayer, 3 nm 
0 = emission angle measured with respect to the surface normal, 53°
I0 and Is and are the measured peak intensities from the overlayer and the substrate 
S0 and Ss are the sensitivity factors for the overlayer and the substrate
Figure 7-8 plots the values obtained through the Thickogram for angles from 25 to 
66°. As advised by Cumpson, due to elastic scattering, the emission angles above 60° 
are not useful: the signal from the substrate is overestimated. This phenomenon is 
visible on the plot as the APS layer appears to be thinner at the higher angles. The 
Thickogram is more accurate around 45°, for which the thickness of the APS layer is 
close to 2.8 nm. This is in good agreement to the first estimation.
About 45° 60°
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Figure 7-8: Thickness of the APS layer on steel as obtained from the
Thickogram (nm)
The hydrolysed APS molecule being around 0.8 nm long and if it is assumed that 
all physisorbed molecules have been washed off, it means that there are oligomers on 
the steel surface. The oligomers may have been produced through the water remaining 
at the surface of the steel or through the residual moisture present in the ethanol 
solvent.
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7.3.3 Stability of silane in an ethanol solution
APS is a very reactive chemical compound, that is why the adsorption isotherms 
have been carried out in pure ethanol rather than in a mixture of water and ethanol. 
However, the residual moisture present in the ethanol potentially could hydrolyse 
some silane molecules and thus facilitate the oligomerization of APS molecules.
To study the kinetics of hydrolysis of the silane molecules in solution, NMR can 
be employed, this has been done previously, for example by Bertelsen and Boerio for 
GPS in water [34]. 2 9 Si-NMR exhibits shifts significantly enough to distinguish 
between the various condensation states of the silane. The molecules, which are 
crosslinked or di-crosslinked or tri-crosslinked produce peaks separated by 
approximately 10 ppm apart in 2 9 Si-NMR spectra of alkoxysilanes. The technique is 
thus ideal to control if the adsorption tests have been carried out in stable monomeric 
solutions or if there was oligomerization in the ethanol solution. The limitation of 
2 9 Si-NMR compared to ’H-NMR is its sensitivity. The isotope 29 of silicon represents 
less than 5% of the total amount of silicon.
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Figure 7-9: The central silicon atom produces a different signal depending on 
the degree of crosslinking. Figure (a) represents a monomeric APS molecule 
partially hydrolysed, in (b) and (c) examples of dimer and trimer are shown.
Work was carried on a Briiker DRX-500 NMR spectrometer. 2 9 Si-NMR spectra 
were recorded at 99.4 MHz. For 29Si acquisitions, a spectral width of 40 kHz was 
employed, which correspond to approximately 400 ppm. A 90-degree pulse with an 
inverse gated pulse sequence was used, the pulse was 9 ps long and the recovering 
time was 5 seconds. The magnetic field strength was 11.7 T. The sample size was 5 
ml, with an active volume of 0.5 ml. 64 000 data points were recorded. Reference
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standard of tetramethylsilane (TMS) was used for the investigations. A linear 
backwards prediction was used to suppress a broad signal from glass.
The NMR study has been carried out with a 5 v/v% APS ethanol solution, in order 
to work in conditions similar to the conditions fixed for the adsorption experiments. 
Because of the sensitivity of 2 9 Si-NMR, the solution was analysed for several hours in 
order to obtain an acceptable signal to noise ratio. That is the minimum time scale 
achievable in these conditions.
Results are shown in Figure 7-10. In previous work carried out with 2 9 Si-NMR in 
a 1 0 % GPS solution in water, a strong dimer signal was observed after nine hours and 
after twenty hours, a trimer signal appeared [34]. On the fresh solution of APS in 
ethanol analysed overnight, a dimer signal seems just about to appear. This peak is 
just above the background noise. For APS in ethanol, it takes several days to obtain a 
strong dimer solution. The 2 9 Si-NMR experiment shows that the kinetics of 
condensation of APS in ethanol are slow. Hours, eventually days are required before a 
peak identifying the presence of dimers is observed. The solutions used for adsorption 
experiments were freshly prepared, so that the APS in solution may be considered as 
mainly monomeric.
Monomeric APS Monomeric APS
Dimer
- 3 0  - 3 5  - 4 0  - 4 5  - 5 0  - 5 5  - 6 0  - 6 5  - 7 0
ppm ppm
Figure 7-10: 29Si-NMR spectra of a 5 % (v/v) APS ethanol solution 
(a) Fresh solution analysed overnight 
(b) A 10 days old solution analysed overnight
However, caution should be exercised as a result of the sensitivity of the 
technique. The number of oligomers required in solution to cover the steel can be 
estimated. An APS molecule covers a surface of approximately 4 nm2, a trimer could
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cover approximately 10 nm2. These figures are a rough estimation obtained through 
the use of the Davis computer model [50]. The steel specimens exhibiting a surface of 
6  cm2, about 1014 trimers could be accommodated on this surface. In 20 ml of 5 v/v% 
APS ethanol solution, there are around 1021 APS molecules. Even if APS is largely 
monomeric and only a small fraction of the molecules would be oligomerized, the 
quantity of oligomers required to cover the surface of the steel would easily be 
reached. A 20 ml APS solution with a concentration of trimer 0.01 pM would 
contains enough oligomerized molecules to cover the steel.
An estimation of the detection limited of 2 9 Si-NMR can be obtained from the 
literature. In optimal conditions, for example large sample size and a high magnetic 
field (17.61 T), Semchyschyn et al. have detected concentration of about 5.4 pM of 
elemental silicon [104].
This simple comparison between the low amount of trimers required to cover the 
steel specimens during the adsorption experiments and the relative lack of sensitivity 
of the 2 9 Si-NMR shows that the study of the kinetics of the APS condensation has to 
be considered carefully. Based on the NMR experiment, the freshly APS solution can 
be considered to contain largely the monomeric species. However, a phenomenon of 
competitive adsorption between the monomeric APS and a low amount of oligomeric 
APS formed with the residual water present in ethanol can not be excluded. 
Oligomerization of APS could also occur through the moisture retained on the steel 
surface.
7.4 Discussion
There is an acute sensitivity to reaction conditions during any organosilane 
adsorption studies. The age of the solution and the age of the silane, the room 
temperature, the purity of the solvent are some of the parameters, which influence the 
experimental data. This is linked to the fact that the adsorption varies with the degree 
of hydrolysis and condensation of the silane.
The adsorption of aminosilane is potentially complicated by its sensitivity to 
water, because the aminopropyl group self-catalyses the formation of both 
chemisorbed and polymerised products. Besides, the molecule can potentially interact 
through both ends with the metal substrate. As explained earlier, at room temperature 
the amino functionalities can compete with the silanol moieties for surface sites.
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Rather than an ordered layer with the silanol groups pointing down, there are several 
conformations possible for the APS molecules on the substrate. A representation 
made by White and Tripp is presented in Figure 7-11 [105]. They have worked on gas 
phase adsorption of silane with the 3-aminopropyldimethylethoxysilane (APDMS). 
This molecule has only one ethoxy group, which simplifies the adsorption 
phenomenon compared with APS.
Silica
Figure 7-11: A range of interactions exists between APS and a substrate. In 
specific conditions, amino moieties compete with the silanol groups for surface
sites.
If the amino group of APS interacts with the steel surface or with the CO2 from 
the air, it can be protonated or carry a partial positive charge. The amount of charged 
nitrogen can be quantified on a high resolution XPS spectrum. The amount of amino 
group with a positive charge has been plotted as a function of the APS solution 
employed for the adsorption test (Figure 7-12). A plateau is reached at the higher 
concentrations. A maximum is visible for an APS concentration of 1 . 8  v/v% in 
ethanol.
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Figure 7-12: Surface concentration of charged amino group against APS 
ethanol solution concentration. The APS has been adsorbed on a steel substrate.
At the lower concentrations, the quantity of charged nitrogen can increase as the 
surface coverage increases. There is potentially competitive adsorption for the surface 
sites between the amino group and oligomeric APS. It is possible that as oligomeric 
APS forms at the steel surface with the residual moisture, there is displacement of the 
weakly bonded amino moieties. This could explain why the quantity of charged 
amino group decreases to stabilize at a plateau level. At the higher concentrations, the 
APS layer seems more stable, its thickness has reached a plateau. Part of the APS 
molecules reacts with the air, part of the APS molecules may interact with the steel 
through the amino moieties, the addition of these two contributions give the signal of 
a charged amino group. Equilibrium is reached.
These experiments demonstrate the complexity of the APS layer on steel. A 
multilayer is formed when APS molecules interact freely with a steel surface. A 
network of silane forms at the surface, which is able to resist rinsing by ethanol 
solution. This network is bonded to the steel by the silanol functionality and perhaps, 
partially by the amine functionality.
The concentration obtained on steel when there is an large amount of silane 
molecules available will reach a maximum at 4.5 to 5 at% of nitrogen and silicon. 
These are the concentrations reached when all the bonding sites available are 
occupied. They are close to the concentrations obtained on the steel failure surfaces:
2.1 and 3.4 at% of silicon were observed by XPS when respectively a 0.6% and 1.2
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v/v% APS modified coating has been used.
Taking into account that the silicon surface concentration will be reduced by the 
presence of salts and PA residues, these figures are very high. On the steel failure 
surface treated with a 1 .2 % APS coating, there are about two thirds of the sites 
available on the steel for APS which are actually occupied. The free APS molecules 
in ethanol reaching the steel and the APS molecules in a PA matrix are two 
completely different systems, but their comparison demonstrates how APS rich are 
the steel failure surfaces.
Bailey and Castle were the first researchers to construct adsorption isotherms from 
liquid solutions by XPS, thus actually measuring the uptake adsorbed on the substrate 
rather than the quantity depleted in the solution [32], If the new method was 
outstanding, however the determination of the type of adsorption may have required 
more samples to be analysed (three or four experimental points). They fitted a Temkin 
adsorption isotherm on their results for APS on iron and this shows how not only the 
substrate and the adsorbate but also the experimental conditions can influence the 
adsorption results. The steel coupons were immersed in water prior to the 
experiments, which means that the surface would have retained water molecules. The 
steel substrate was dipped in an APS methanol solution. The methanol would quickly 
react with APS, thus resulting in silane molecules with less steric hindrance.
7.5 Summary
Free non-impeded APS molecules have shown their capacity to form swiftly a 
complex multilayer on steel substrate. By comparison with this system, it is 
demonstrated that the quantity of APS found on the steel failure surfaces is high. The 
major part of the available sites on the substrate must be occupied.
Combined with the ToF-SIMS data, it shows that a strong APS network can be 
obtained on the steel surface.
However, the introduction of APS in the coating creates two new interfaces. The 
failure seems to occur at the interface between an APS rich layer and the bulk of the 
coating. The interaction between APS and the PA will be discussed in the next 
chapter.
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Interaction between APS and Polyamide Matrix
8.1 Introduction
To improve the durability of the interface between coating and steel, an 
aminosilane coupling agent has been introduced in the coating. This has a beneficial 
effect on its durability. In an aggressive salt spray environment, the delaminated area 
at a given time reduces in size for the silane-modified coating. Initially, the polyamide 
matrix forms only weak bonds with the steel substrate, whereas the silane can form a 
Fe-O-Si covalent bond when it reacts with the iron hydroxide top layer. However, the 
introduction of the coupling agent has potentially created a new interface, between 
silane and polyamide. Once the coating is formed, the stronger the interaction 
between the coupling agent and the polymer matrix, the better.
The nature of the interaction between the aminosilane and the polyamide is 
discussed in this chapter. Samples have been designed to facilitate this work.
8.2 Chemical interaction between APS and polyamide
There are two main possibilities of interaction between an organosilane adhesion 
promoter and a polymer: a chemical interaction or the formation of a diffused 
interphase allowing a mechanical interlocking at a molecular level.
The main component of the coating is polyamide. Samples allowing a large and 
easy contact between APS molecules and the PA molecules or look-alike molecules 
have been created.
In organic chemistry, it is well known that primary amines react with ketones 
when there is acid catalysis. The interaction between the unshared electron pair 
carried by the nitrogen and the electrophile carbon from the ketone is such that in 
presence of acid catalysis, there is condensation, resulting in the production of a water 
molecule and an imine.
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Figure 8-1: Reaction of primary amines with ketones
From an organic chemistry point of view, the interaction between the unshared 
electron pair carried by the nitrogen of the organosilane and the electrophile carbon 
from the PA is also the most likely (Figure 2-4). These polar functionalities are better 
candidates as chemically active sites than the Cio alkyl chain of the polyamide.
Actually, as there is a nitrogen atom next to the electrophile carbon in the PA 
molecules, the electrophile carbon will be even more electrophile than for a ketone. 
Nitrogen is more electrophile than carbon and thus should deplete the carbon from its 
electrons and encourage interaction.
8.2.1 XPS experiments
The samples created for the investigation of the chemical interaction between APS 
and PA by XPS are coupons of polymer dipped in a 0.5v/v% APS ethanol solution. 
Obtaining a few nanometers thick layer of APS on the polymer is the target, in order 
to allow the investigation of the interface between APS and PA by XPS through the 
APS top layer.
The two polymer substrates employed are represented in Figure 8-2. 
polypropylene (PP) is used as a reference substrate because it is a simple polymer, 
containing only carbon and hydrogen atoms, thus not presenting any obvious reaction 
site that may interact with the aminosilane.
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Polymethylmethacrylate (PMMA) is employed as an analogue of the polyamide, 
because PMMA contains an electrophile carbon but no nitrogen. If the amine function 
of APS interacts with the electrophile carbon from the PA, the XPS N ls peak will 
show a change in binding energy. In an experiment carried out with PA, the nitrogen 
signal would be the sum of the signals originating from the PA and the APS. PMMA, 
as a model surface, allows the observation of the nitrogen signal originating solely 
from the APS.
Figure 8-2: Polypropylene (PP) (a) and Polymethylmethacrylate (PMMA) (b)
The sample creation process follows these steps:
■ Coupons of 1 by 4 cm have been cut from larger sheets (Goodfellow, 
Cambridge, UK). The coupons are cleaned by wiping them with acetone 
and hexane, followed by ultra-sonic cleaning in fresh similar solvents. The 
solvents are laboratory grades. The coupons are allowed to dry afterwards.
■ Ethanol 99.86% pure is mixed with aminosilane APS 99% pure 
(Sigma-Aldrich). The solution is homogenised with a magnetic agitator for 
30 minutes in a shut volumetric flask.
■ The coupons are dipped in the APS solution for 30 seconds and then 
shaken free of drops. Half of the specimens dipped in the APS solution are 
then rinsed directly afterwards by dipping them for another 30 seconds in 
fresh ethanol. The clean coupons used as blank specimens are dipped in 
pure ethanol.
■ All coupons are dried in the air in a vertical position.
XPS experiments have been carried out on all specimens. The peak fit of the XPS 
photoelectron peaks has been carried out with Avantage v2.18.
For the clean PP and PMMA specimens, the carbon peak fits are presented in 
Figure 8-3. The peak fits are in good agreement with reference fits, such as the one 
presented by Beamson and Briggs [106]. PP shows some oxidation on the surface. Its
(a)
CH3
(b)
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I
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surface composition is 93 .5 at% of carbon and 6.5 at% of oxygen. The polymers are 
initially free of any trace of nitrogen and silicon.
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Figure 8-3: Carbon peak fit for PP (a) and PMMA (b)
The nitrogen and silicon signals for the samples, which have been in contact with 
APS, are presented in Figure 8-4. The Si 2p peak is found at 102.6 eV, the N Is signal 
is peak fitted in 2 peaks, Ni at 399.3 and N2 at 401.5 eV respectively. The silicon 
signal and the nitrogen Ni signal are similar in binding energy to those observed on 
the thick APS layer. This second nitrogen signal, N2, was not present when the thick 
layer of polymerised APS has been analysed (4.3.2). All the nitrogen and silicon 
concentrations are summarized in Table 8-1.
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Figure 8-4: Nitrogen N Is peak and Silicon Si 2p peak from APS applied on
polymer substrates
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Table 8-1: Nitrogen and silicon atomic concentrations for APS applied on
polymer substrates.
N at% Si at% N/Si N2 /N 1
PP APS 0.9 0.9 1 . 0 0.4
PP APS rinsed 0 . 6 0 . 6 1 . 1 0.3
PMMA APS 0.3 0.4 0 . 8 0 . 2
PMMA APS rinsed 0 . 1 0 . 2 0 . 8 0.4
The N/Si ratio is different on PP and on PMMA. On PP, the ratio is slightly above 
unity, which could mean that the silicon signal is attenuated by the length of the 
molecule, with the silicon atoms tending to point toward the PP substrate. The APS 
adsorption on PP is greater than on PMMA. These two phenomena, the quantity of 
APS adsorbed and the orientation of the molecule could originate of the oxidation of 
the PP surface. On PMMA, the N/Si ratio is slightly below unity, which could mean 
that the molecule is oriented with the nitrogen toward the substrate, this time, the 
nitrogen signal being attenuated. This could be an indication of an interaction between 
the amino function and the PMMA substrate. On PMMA, the intensity of the charged 
nitrogen signal (N2) increases on the rinsed sample, which seems to strengthen this 
hypothesis. On a thinner layer, the interfacial phenomenon is more easily observed.
On the other hand, this N2 component is also present on the PP surfaces. As 
presented by Culler et al., the amino group can react with the carbon dioxide and the 
humidity from the air to be ionised and form bicarbonate salts (Figure 8-5) [45], This 
is a reversible reaction: when an APS sample is heated up, the amino group can return 
to its initial state. The occurrence of this reaction in the air may mask the evidence of 
an interaction between APS and the polymer substrates.
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Figure 8-5: APS exposed to the air: formation of bicarbonate salt
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To summarize, the changing value of the N/Si ratio is an indication of a possible 
interaction between the amino end and the PMMA substrate. However, other means 
of investigation are required to obtain more pieces of evidence, as the APS can 
interact also with the air.
8.2.2 FT-IR analysis
Fourier transform infra-red spectroscopy (FT-IR) offers a good sensitivity to 
chemical state. For this reason, it has been employed for further investigation of a 
possible chemical interaction between PA and APS.
Samples made of polyamide powder with APS liquid have been tested and 
discarded. Actually, FT-IR is a bulk analysis and by using a powder with a liquid, the 
possibility of interaction between both products is limited to the contact area at the 
interface of the powder particles. Grinding is a common procedure before carrying out 
the IR analyses. However, despite grinding of the PA powder and the use of Nujol 
problems of transmittance have emerged. Nujol is a supporting medium invisible in 
IR, when employed in dilute solutions.
Another procedure has been developed. Ethylacetamide C4 H9NO, has been 
selected as a model molecule for the polyamide, because it is a small molecule, liquid 
at room temperature, which carries the same chemical functionality as the polyamide 
(Figure 8 -6 ). By mixing two liquids together the chances to detect an interaction is 
greatly improved compared to the powder and liquid system.
O H
II I
h 3c —C—N -C 2 H5  
Figure 8-6: Ethylacetamide molecule structure
The study of the interaction of the ethylacetamide molecule with APS rather than 
PA 1 1  with APS is easier from an experimental point of view. If there is evidence of 
an interaction, it would be safe to extent the mechanism of interaction to PA11. From 
a chemical point of view, the two active sites from these components are likely to be 
the unshared electron pair of the amine and the electrophile carbon of the 
ethylacetamide.
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The N-ethylacetamide (99% pure) and the APS were purchased from Sigma- 
Aldrich. They are both liquid at room temperature. The analyses were carried out on 
liquid samples between sodium chloride plates. The boiling point of the 
ethylacetamide is around 90-92°C and 217°C for the aminosilane. 16 scans were 
recorded at a resolution of 1 cm’1, using a Perkin Elmer FT-IR 2000 and data have 
been treated with the software V3.02. IR bonds are assigned according to literature 
[107].
The main peaks examined were the ones related to the carbonyl and the amine 
functionalities. The amine stretching at 3362 cm' 1 cannot be observed once the 
aminosilane has been mixed with the ethylacetamide because it is obscured by the 
stronger amide stretching signal at 3283 cm'1. The carbonyl stretching of the 
acetamide does not move from the 1653 cm' 1 wavelength. An interaction with the 
lone pair of electrons of the nitrogen of the amine would have probably have brought 
about a significant shift in this bond.
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Figure 8-7: FT-IR spectra for APS (a), ethylacetamide (b) and a solution 50-
50 v/v% of both liquids (c)
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The IR experiments show that in solution, between two small molecules carrying 
the same functionalities as the original molecules contained in the system, there is no 
interaction detected between the electrophile carbon from the amide and the unshared 
electron pair carried by the aminofunction of the organosilane. In a liquid 
environment, with two small molecules, the interaction should have been made easier. 
Thus this chemical interaction between APS and polyamide 11 seems unlikely. This 
lack of chemical interaction could explain the segregation of the aminosilane in the 
polyamide based coating. Even if there is no chemical interaction between the 
aminosilane and the polyamide, another kind of interaction can still exist, physical 
rather than chemical, based on an interpenetrating polymer network. This hypothesis 
is discussed in the following paragraphs.
8.3 Interpenetrating Polymer Network
8.3.1 Introduction
The performance of thermoplastic polymers enhanced by organosilanes, when 
there is no obvious reaction between the polymer and the silane, can be explained if 
the formation of an interpenetrating polymer network (IPN) of siloxanes with the 
polymer at the metal interface is envisaged. This mechanism of interaction is assumed 
to be more common with the thermoplastics than the thermosets as thermosets tend to 
be more chemically reactive.
Plueddemann proposed the formation of such a tight siloxane network close to the 
substrate, as shown in Figure 8 - 8  [39, 108], Such a network can be formed by more 
than one layer of silane. The model is based on the fact that at the moulding 
temperature, the siloxane is a partial solvent for molten thermoplastic, but as the 
composite cools, the thermoplastic separates as an interpenetrating phase with the 
siloxane at the interface. To optimise the IPN, it is important that the silane and the 
polymer are compatible. Because the organofunctionality of the silane matches the 
functionalities of the polyamide matrix, the conditions of formation of IPN are 
favourable, this helps to improve a good composite. This is empirically well known, 
typically by Dow Coming, whose business is to sell silane solutions for different 
applications, and who advises aminosilanes for use with polyamide matrix [30].
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Figure 8 -8 : Bonding through silanes by interdiffusion, Plueddemann [108]
Because of the non-standard way the silane is introduced in the system, i.e. pure in 
a powder stock for coating application, it is to establish that such a network of 
polymer can be formed. The challenge to strengthen this hypothesis is to observe a 
network of two relatively chemically similar materials at a scale of a few nanometres.
A new sample design was required to expose the interface without the use of salt 
spray testing, thus avoiding taking into account parameters such as pulling the 
coating, corrosion products or swelling of the polymer matrix. The ULAM procedure, 
employed earlier to obtain a magnified cross section of the coating, has been used to 
expose the interface.
A ToF-SIMS experiment can be carried out with different parameters, to optimise 
either mass resolution, spatial resolution or acquisition time. Two modes have been 
tested. High current bunched mode produces high mass resolution, it is a common 
choice for spectra acquisition but the lateral resolution is limited to 4 pm. Burst mode 
reduces the mass resolution but maximise the lateral spatial resolution. The spot size 
can be reduced to 200 nm. With these chosen modes, the depth resolution on a sample 
tapered with ULAM is respectively 33 nm and 2 nm.
8.3.2 New sample design
Sectioning thick metal sheets coated to reach the interface metal/coating is likely 
to damage the tungsten carbide blade employed for ULAM. However, a model sample 
can be prepared with a thin iron foil acting as substrate. The thickness o f the iron foil,
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which is 60 pm, means that it is possible to cut through the polymer/metal specimens.
This kind of approach has been successful to localise APS and GPS in an epoxy 
resin, as shown in Figure 8-9. The epoxy is an adhesive used on aluminium for 
aerospace application, APS being tested as coupling agent to enhance the adhesion on 
the metal substrate. An aluminium foil is inserted within the epoxy adhesive prior to 
cure. The sample mounted with a taper is cut with the microtome and then XPS 
analysis is performed along a line scan. By this process, Abel et al. managed to 
localise the APS in a structural adhesive at the interface with the aluminium [109],
Adhesive
Interface
Line scan used
Adhesive
Adhesive 
Aluminum foil
Figure 8-9: The epoxy adhesive is cast around an aluminium foil and then 
allowed to cure. This sandwich sample was then taper sectioned and analysed
along a line scan by XPS.
Practically, the design of the new sample is based on a thin iron foil, which is 
sandwiched by the polyamide coating. Iron foil, 60 pm thick, was supplied by 
Johnson Matthey (London, UK). Sandwich samples have been produced for non­
modified coating and 1.2% coating. The same modified powder stock has been 
employed as for the larger samples created for the salt spray testing. The aminosilane 
has been introduced directly in the powder stock and later the powder sprayed onto 
the iron foil with an electrostatic gun and melted in an oven to form the coating. The 
overall thickness o f this sandwich sample is around 300 pm. The buried interface is 
then exposed by use o f the ULAM technique. The thickness of the iron foil leads to 
specimens that are slightly bent, as shown in the photograph (Figure 8-10). From the
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two coated sides of the specimen, one side is always slightly thicker than the other 
and consequently when the polymer coating cools down and retracts, the coating 
bends the thin metal foil.
a) 1 cm b)
Figure 8-10: The sandwich sample 
a) The 60 pm thin iron foil covered by the polyamide coating 
b) The interface will be revealed by ULAM
Pictures from the microtomed specimens are also presented in Figure 8-11. The 
microtomed specimens have been then mounted for complementary XPS and ToF- 
S1MS analyses.
Figure 8-11: Two microtomed sandwich samples ready for analyses 
8.3.3 Analysis
The XPS analyses are performed along a line scan on a 1.2% APS modified 
sample mounted on the Sigma Probe sample holder. The spot size was 100 pm large 
and the step size was 150 pm. A flood gun is necessary to manage surface charging.
Because the samples are not completely flat, the taper angle o f the ULAM is 
harder to define. However, the thickness o f the iron allows one to determine the exact 
angle of taper. For the compositional depth profile presented in Figure 8-12, this angle
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was around 5°.
The profile was obtained with 1.2% APS modified coating. The coating and iron 
area are easily distinguishable, however the silicon signal is hardly visible. The depth 
profiles of the coatings, obtained from the delaminated coatings, have shown that APS 
has segregated in an interphase 5 pm thin or less, as presented in Section 6.3.3. With 
the combination of X-ray spot size and the taper cut used, it is not possible to observe 
this silane rich interphase on the sample obtained.
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Figure 8-12: Composition profile across the sandwich sample obtained by 
XPS. The 1.2% APS modified powder was employed.
ToF-SIMS has been performed to image the interface between coating and iron 
foil. The purpose is the same as for XPS: to obtain information on the silane rich 
interphase at the interface between coating and steel and potentially to highlight an 
interpenetrating network between the segregated aminosilane rich layer and the 
polyamide matrix.
Specific experimental conditions have been applied to improve the quality of the 
data collected. A sandwich sample, made of different materials, especially insulating 
and conducting materials, can lead to the observation of differential charging on the 
sample, particularly at the interface between the materials. Combined with the use of 
a flood gun, the samples were back-mounted on glass in order to insulate the whole 
specimen, so to avoid differential charging (Figure 8-13). Back mounting the
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specimens enables to keep them flat.
Figure 8-13: Photography of a back mounted sandwich sample prepared for
ToF-SIMS analysis
The samples were orientated toward the ion gun in order to minimise any effect 
the topography could have (Figure 8-14).
Favourable orientation of 
the ion beam
Possible shadowing effect
Figure 8-14: The orientation of the sample toward the ion beam can be 
chosen to minimize any shadowing effect
However the ToF-SIMS images on all samples revealed a low signal area along 
the interface between coating and iron. On the ToF-SIMS images, this appears as a 
black line around 30 pm wide at the interface, as shown in Figure 8-15. In term of 
depth resolution, this means that there is no data collected for the first 3 pm of organic 
material at the iron interface.
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Figure 8-15: Logarithmic image of the total ion intensity, sandwich 1.2%
APS, 500 by 500 pm.
To clarify this phenomenon, the topography o f the specimens have been studied 
by SEM. An image taken at an angle of 45° to the sample surface is presented in 
Figure 8-16. It reveals that the sample roughness is important. The coating seems 
lifted from the iron foil rather than gently sectioned through.
10Gpm
Figure 8-16: SEM image of the cut 1.2% APS sandwich sample 
8.3.4 Discussion
The observation o f an interpenetrating network at a molecular scale is not an easy 
task. This combination of the ULAM technique and the sandwich sample design 
shows potential in the study of buried interfaces between metals and polymers.
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The results were not satisfactory in this study for experimental reasons. The 
sharpness o f the blade may have been better and this was an issue especially as the 
number o f samples available was limited. Cold rolled iron is also more difficult to 
taper than aluminium foil. The hardness o f aluminium foil is around 20 HV (Vickers 
hardness), whereas the iron foil hardness is around 100 HV.
The thermal mass o f the iron foil is also very low compared with the usual 1 mm 
steel. Consequently the polymer powder become less viscous on the metal surface and 
the contact between substrate and coating might not be optimum. The combination of 
these experimental conditions are likely to be the origin o f the roughness observed at 
the interface between iron and coating.
The design o f the samples and to process o f production need to be optimised in 
order to obtain conclusive results. However, these sandwich samples are a promising 
way to study the interface between PA 11 and APS.
Atomic force microscopy (AFM) would be another technique of choice to study 
the possible interpenetrating polymer network. AFM is capable o f distinguishing 
different organic phases, for example if they have different elasticities, as shown for 
the two phase poly(styrene) and poly (methylmethacrylate) blend (Figure 8-17).
Figure 8-17: Phase image of a poly(styrene) and poly(methylmethacrylate) 
blend, the field of view is 8  pm [1 1 0 ]
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8.4 Summary
APS and PA have been chosen for their chemical similarities: alkyl chains and 
amino group. Combined with the small size of the monomeric APS molecule, this has 
led to a beneficial segregation of the APS in the coating. The coupling agent 
introduced in the bulk of the coating is able to move where its action is required, i.e. 
at the interface between coating and substrate. However, another consequence is that 
the two molecules are apparently unable to chemically interact.
As there is the formation of an APS rich interphase at the coating steel interface 
and as APS is efficient as coupling agent in thus system, it is likely that APS and PA 
form an interpenetrating network, which mechanically bond them together. This 
hypothesis is in agreement with the fact that the silicon profiles in the coatings show a 
gradient of concentration (Figure 6-14). The observation of this interpenetrating 
network is a delicate task and required to work at a nanometric scale. The 
combination of ToF-SIMS mapping used at its best lateral resolution and ULAM is a 
way to reach the kind of dimensions needed for this study. The precision of the cut by 
ULAM is critical, but this is a promising procedure for IPN studies. AFM is another 
technique, which has the potential to distinguish different organic phases with 
excellent lateral resolution.
Chapter 9 
Enhancement of a Polyamide Coating Through the 
Incorporation of an Aminosilane: Aspects of 
Interfacial Chemistry and Performance
Organic coatings are used for their aesthetical properties and because they are a convenient 
way to protect metal from their environment in order to limit corrosion. The market of organic 
coatings is a competitive one and the products have to become more efficient and multitasking to 
be attractive to customers. The durability of the coated object is obviously of primary 
importance.
However it cannot be achieved at all costs. Chromium based treatments are an obvious 
example. Despite their high efficiency, they are commonly discarded for their environmental 
repercussions. In the case of the widely used polyamide coatings, only money sound processes 
can be considered.
The aim of this work was to change the durability of a polyamide powder coating applied to a 
steel substrate by modification of the powder stock. The modification selected had to be easy to 
implement and cost effective in an industrial environment. The way forward has been through 
the use of an aminosilane, acting as an adhesion promoter. Many surface preparation techniques 
are employed to achieve maximal initial adhesion: these range from removal of surface 
contamination (vapour degreasing), changes in the surface topography (grit-blasting) to chemical 
modification (chromium treatments). These techniques are common practices in the coating 
industry. Silanes are an additional and effective tool to enhance the coating durability. The 
novelty of this project was to introduce the silane directly in the powder stock, i.e. to transform a 
two step coating application in a simpler one step application.
Mechanism of action of the aminosilane
The APS is introduced pure in the powder stock prior to the electrostatic coating application. 
The powder stock is used twenty-four hours after this procedure. During this time, hydrolysis of 
the silane starts through absorption of ambient moisture. After the polyamide based powder is 
sprayed on the metal substrate, the treated object is transferred in an oven, where the polymer 
powder melts to form a uniform film on the substrate. The prepared object is then cooled down
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in air. In the oven, thermal energy is transferred to the polyamide and APS molecules. The 
profiles of concentrations in the modified coatings reveal the movement of the silanes toward the 
outer surfaces is highlighted. In order to be mobile, the silanes molecules must have been in a 
monomeric form or short oligomers prior to the coating application. Their mobility was 
sufficient in the molten polyamide matrix and combined with the solubility parameters of 
polyamide and APS, the localisation of APS at the interface can be explained.
This is an important point, which means that the coating is a self stratifying one: while 
introduced in the polymer powder stock, the silane finds its way toward the interface where it 
can act as a coupling agent. As the other properties of the coating were not meant to be modified, 
it is beneficial that the silane content remains low in the bulk of the coating.
After the formation of the coating, when the polyamide matrix cools down, the system 
“freezes”. The stability of the newly formed system is reinforced by the crosslinking of the 
silane, potentially activated by the heat during the coating formation, which has been indicated 
through the ToF-SIMS studies of the delaminated coatings.
There is thus formation of a complex layer at the interface between the steel surface and the 
bulk of the coating. This interphase is about two micrometres thick. The polyorganosiloxane 
network and the polyamide can be entrapped together at a molecular level. The conditions are 
favourable to this mechanism known as an interpenetrating polymer network.
This complex APS rich interphase brings about an enhanced durability of the coating because 
the silane is also able to bond with the metal substrate. A strong and stable covalent Fe-O-Si 
bond is formed. The amount of APS found on the steel after delamination of the coating has been 
compared with the plateau of adsorption obtained from free, non-impeded APS molecules. Even 
diluted in the polyamide matrix, the APS molecules manage to occupy up to two thirds of the 
sites available at the steel surface.
To summarize, APS enhances the durability of the polyamide coating through a complex set 
of favourable conditions. The acute sensitivity of the mechanism of action of APS to the process 
conditions has been illustrated through the experiment carried out with a one-year old modified 
powder. When a one-year time frame exists between the introduction of the APS in the powder 
stock and the coating application, APS may have polymerised in the powder stock to such an 
extent that the APS molecules mobility in the molten polyamide matrix is limited. Salt spray 
tests have given poor results in this case, very similar to the initial non-modified powder. The 
efficiency of APS is time dependent. A shelf life should therefore be introduced to a commercial 
APS modified powder stock.
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Failure of the coating
Corrosion is the conversion of iron into a hydrated iron oxide, i.e. rust. Organic coatings are 
applied on steel for aesthetic purpose and to protect them from their corrosive environment. They 
create a high resistance in the electrolytic path of the corrosion current. An organic coating 
adhesion is limited by the competition at the interface between the matrix polymer and the water. 
Strong hydrogen bonds between water and hydroxyls on the metal compete with the bonds 
created between the organic matrix and the metal substrate. Because the adhesion of an organic 
coating on a metal substrate relies mainly on the chemical bonds between the two materials, the 
resistance to water at the interface is an important parameter.
The presence of liquid water allows a high underfilm pH to build up and this aggressive 
environment can break even strong bonds, like ionic or covalent bonds. This high pH is a result 
of the production of hydroxyl ions and leads to the hydrolysis of the polar groups of the 
molecules associated with the substrate oxide.
Primers are often applied prior to the coating application to reinforce the chemical bonding at 
the interface and thus achieve a good level of adhesion. This is a common practise for polyamide 
coatings. This has a cost as it results in a two-steps coating application.
Silicon was clearly observed on both failure surfaces indicating the involvement of the 
aminosilane rich layer in the degradation process: the failure occurs cohesively in the APS rich 
interphase. The use of the aminosilane is beneficial because of the covalent bonds it creates with 
the substrate oxide, which are more durable than the bonds the polyamide can create with the 
substrate. The aminosilane provides a stable bond between two otherwise poorly compatible 
surfaces.
The APS interaction with the steel can lead to a certain degree of organisation at the 
interface. In addition, the APS rich interphase can be denser than the polyamide coating due to 
the formation of a polyorganosiloxane network of APS molecules, in other words, the free 
volume is much reduces. Thus it acts as a barrier to the electrolyte, limiting the water ingress.
However the increasing underfilm pH will at some point be high enough to destroy any 
chemical bonds. Because the pH required for the disbondment of the coating in presence of APS 
is higher than when no APS is employed, the cathodic delamination still occurs but the action of 
the APS slows down the kinetic of the corrosion process.
The area between the APS rich interphase and the PA matrix is also attacked. The stability of 
the APS bond to the steel substrate is enhanced by the formation of a polyorganosiloxane 
network but as the APS molecules are “diluted” in the PA matrix, the strength of this network
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weakens (Figure 9-1). As APS and PA do not seem to react chemically, their molecular 
interlocking is o f primary importance.
The extent of crosslinking 
decreases as APS is diluted 
in the PA 11 matrix.
PA11 PA11
APS PAH 
interphase
APS
The weaker APS network 
allows more water ingress.
A high pH can thus build up and 
leads to the failure o f the 
coating.
The interphase is a couple of 
micrometres thick.
Steel substrate
Figure 9-1: APS and PA 11 interphase close to the steel substrate
The reputation of the silanes suffers from their acute sensitivity to the application process. 
The conditions o f application have to be clearly designed for each system. Thus results found in 
the literature might seem contradictory. APS is a typical example, as it is particularly swift to 
hydrolyse and condensate due to the autocatalytic effect o f the amino end of the molecule. 
Consequently, poor mechanical or durability results obtained through the use o f APS in aqueous 
solution have to be considered carefully [31, 36],
Possible Improvements
If the mode of action of APS in the coating is now better understood, there is still room to 
improve the introduction of APS, for example in term of choosing the optimum concentration. 
On most of the salt spray tests carried out, the introduction of APS seems to reach its maximum 
efficiency around 0.9% of APS. However, for the best results in the salt spray cabinets, i.e. Set 2 
on grit blasted steel, it is not possible to conclude. The extents o f delamination were limited for 
all concentrations at 250 hours and the experiments carried out for 500 and 1000 hours do not 
show any clear optimum.
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APS has produced self-stratifying coatings, as it is able to move in the bulk of the coating to
one step process leads to a complex coating with different bulk and interface properties. 
However, other silanes could be tested, with more chemically active functionalities to replace the 
amino group. A vinyl silane is a possibility, the double bond can open to bond with the PA. A 
vinyl methacrylate silane group could be even more reactive: the methacrylate group is fragile 
because the electrons from the carbon are drawn toward the carbon from the carboxylic group 
(Figure 9-2).
between the silane and the polyamide.
The use of a bifunctionnal silane is another possibility to improve the interface. A 
bifunctionnal silane carries two silane functionalities and eventually a third functionality to react
interphase, which would limit further the water ingress, thus slow down the deterioration. 
However, there might be a limit to the density to reach for the best results. Excessive
reach the steel interface where its action as coupling agent is required. Practically it means that a
O
n h 2—c— (CH2)10 PA molecule
Vinyl methacrylate silane
h 3 c - c —c —o — (CH2 )3 — Si— (OCH3 ) 3  
o
Figure 9-2: Possible reaction between a vinyl methacrylate silane and a polyamide 11
A compromise would have to be found between reactivity of the silane, capacity to segregate 
in the coating and process conditions. The ideal would be to keep most of the silane capacity to 
move in the coating toward the steel and to improve the strength and stability of the bonds
with an organic molecule (Figure 9-3). Such a silane would create a high-density material as
crosslinking of the silane may limit its capacity to mix with the polymer matrix and induce the 
presence of a fragile region.
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Organic
Polymers
Inorganic 
Steel substrate 
APS molecule
Inorganic 
Steel substrate 
APS molecule
Figure 9-3: Mode of action of a bifunctional organosilane
Finally, the length o f the molecule could be altered. Working with longer alkyl chains could 
increase the strength o f the IPN. The APS carries a middle C3 alkyl chain. Once again, an 
optimum is to find between increasing the interaction with the polyamide matrix and limiting the 
capacity o f the silane to migrate through the matrix.
The use of surface analysis techniques in the field of adhesion enhancement
A better understanding of the action o f the APS at the interface between polyamide and steel 
has been achieved through the used of complementary surface analysis techniques. The 
combination of the techniques provides more than the addition of their capacities but a synergy. 
Like often in the fields of corrosion and adhesion, this project would not have been possible with 
a single technique. Surface analysis has also benefited o f being used in these fields, the more 
widely they are used, the more studies are carried out, the better the techniques are understood 
and refined.
While XPS has become more and more user friendly over the past two decades, the use o f 
ToF-SIMS still requires time and expertise. There are many choices to make before being able to 
carry out an experiment. The ToF-SIMS instruments available now offer a range o f possibilities, 
e.g. in the choice of the gun or the data acquisition mode. The choice o f the gun will be 
dependent of the material under investigation. An example of a current trend is polyatomic ion 
sources for the fragile polymer materials, as the damage o f the impact per unit area is reduced for 
these sources. The typical polyatomic source Cgo is already available but there is still research 
going on to understand its capacities. The choice of guns available nowadays is much wider than 
five years ago.
The mode o f acquisition will be done according to the priorities o f the researcher, e.g. the 
optimisation o f spatial resolution, mass resolution or acquisition time. On an XPS spectrum,
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most of the information will be relevant. On a ToF-SIMS spectrum, the interesting data can be 
hidden by a large amount of other data. For example, when looking at a spectrum of any 
polymer, the repeat units of the polymer will create a pattern on the spectrum, which does 
provide only the confirmation of the nature of the polymer studied. Often, ToF-SIMS data 
require careful examination, comparison of different samples from a same set in order to spot the 
few peaks, which reveal a specific interaction.
The theory behind the photoelectrons emission has been developed, there is now an extended 
literature available to the scientist. In the field of secondary ions emissions, work is still in 
progress: for example on the influence of the different ions beams, the development of G-SIMS, 
or the possibility to quantify the surface composition. Worldwide inter-laboratories studies, as 
carried out by the National Physical Laboratory (NPL) help to ascertain the technique as a 
reliable one.
It is an exciting time in the field of surface analysis and this enables to widen the range of 
experiments, which can be imagined and designed for research purposes.
Chapter 10 
Conclusions and Further Work
The introduction of APS reduces the extent of delamination of a polyamide based coating 
applied on steel up to 60 %, as observed with salt spray testing. The modification of the powder 
is easy to implement in an industrial environment and modified powder can be applied in exactly 
the same way as the initial powder.
The APS plays its role through a complex crosslinked interphase. The beneficial effect is due 
to the strong covalent bond, which forms between APS and the metallic substrate, combined 
with the formation of a polysiloxane network and a potential mechanical lock at a molecular 
level with the polyamide matrix. However, the interaction between APS and the coating is still 
not strong enough and the overall salt spray tests results still need to be improved to reach the 
industry standards. Some ideas are given in the previous chapter. Working with a longer, a more 
reactive or a bifunctional silane could bring about better improvements.
Many investigations have been carried out on interactions between organosilanes and metal 
substrates. This work originates from the desire of the coating’s industry to benefit from them, 
for economic and environmental purposes. This is when surfaces analyses are required. 
Interactions between organosilanes and metals are process dependent, organosilane dependent 
and metal dependent. If one wants to apply organosilane as a coupling agent in a commercial 
product, an in-depth understanding of its mode of action is beneficial. It enables to move from 
rejecting or praising a silane too quickly, when there are such a complex set of conditions to 
fulfil for the silane to be at its best as adhesion promoter.
Addition of organosilane is usually done through a silane solution with the creation of a 
discrete layer onto the metal substrate. Thus organosilanes are treated only as a new form of 
pretreatment. By adding the silane directly to the powder stock, this project is going one step 
further. The substrate is not pre-treated, no silane solution is prepared, APS is introduced pure. 
On one hand, it is less freedom to adapt the introduction of aminosilane as it can be when a 
silane solution is employed. On the other hand, it simplifies the process. The most remarkable 
fact unveiled in this project is the property of APS to segregate at the steel interface, where its 
action is required. With the current process, the introduction of pure APS in the powder stock is
-191  -
Conclusions and Further Work
efficient as APS is found at the interface and covalent bonds are formed. APS hydrolyses easily 
and this specificity is well employed in this process.
The further work which could be carried out involves practical considerations as well as more 
theoretical ones. APS has proved to be efficient in certain conditions, its action is beneficial if 
the modified powder is freshly prepared. The modified powder has exhibited a shelf life. This 
may be because highly crosslinked APS are unable to reach the steel. ToF-SIMS could be used 
to evaluate the ageing phenomenon of the powder and the data could be related to salt spray 
results.
Other silanes, which can potentially improve the current situation have been proposed in 
Chapter 9. The candidates are bi-silanes, more reactive silanes as vinyl silanes and silanes with 
longer alkyl chains. These candidates would have to show their capacity to segregate at the 
interface between steel and coating and simultaneously form a stronger bond with the PA matrix.
For any further study, ToF-SIMS depth profile with Ceo or clusters ions could allow one to 
investigate the extent of the crosslinking of the silane at the interphase between silane and PA. 
On sandwich samples, combining ULAM and AFM could allow the observation of 
interpenetrating polymer networks. Cryogenic methods for ULAM could improve the quality of 
the cuts obtained.
Finally, the industry would benefit from the use of a technique flexible enough to be 
employed with the electrostatic application of the powder coating and the fluidised bed 
application. The fluidised bed application presents the challenge of the substrates being 
preheated. The metal objects are dipped warm in a powder bed. The concentration of hydroxyl 
groups on the substrate might be a limiting factor. Work can be carried out on this technique. 
Perhaps, the substrates could be immersed in water prior to be heated up.
The current work has shown that APS is an efficient coupling agent for the PA powder 
coating applied on steel. However, to completely avoid the use of primers, the standards needed 
to enable the coated product to withstand years of service in demanding situations have not yet 
been reached. The prognostic is, however very good, and future R&D should enable 
commerciality to be reached in the near future, allowing the removal of potentially dangerous 
inorganic pre-treatment procedure.
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